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ABSTRACT 


Natural power sources such as the wind have 
often been suggested as one (if not the most desirable) 
solution to providing stationary power. This thesis 
investigates the production of wind-electric power for 
small-scale application in the agricultural sector of less- 
developed countries. 

Windpower is introduced in historical perspec- 
tive and the implications of its use in a less-developed 
setting are discussed in detail. A prototype wind- 
electric plant was designed, constructed and tested. The 
two major conclusions that have been reached are as fol- 


lows: 


Mes A small-scale wind-electric plant may be built 
entirely with expertise and materials already available in 


less-developed countries. 


oe Unless materials used for plant construction are 
obtained very cheaply, the cost of energy from the wind 
will be much higher than energy available from more con- 
ventional sources. AS a result, windpower could be best 
used in areas where alternative power sources are either 


not available or would be very expensive to provide. 
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I “INTRODUCTION 


1.1 PURPOSE, METHODOLOGY AND OUTLINE 


The purpose of this thesis is to investigate 
windpower for use on small farms and in rural communities 
of less-developed countries. 

Windpower is considered in historical perspec- 
tive so that its appropriate use may be better defined. 
This concept of "appropriate technology" is then applied 
to the designing of a prototype. Discussion of subse- 
quent construction and testing of the prototype follows. 

The remainder of this chapter relates the his- 
tory of windpower and its development as a power source 
in agriculture. Chapter 2 discusses windpower use in less- 
developed countries and introduces the concept of "appro- 
priate technology". Chapter 3 is concerned with windpower 
theory. Chapter 4 introduces the wind-electric system 
and here the detailed design of a prototype is carried 
out. Chapter 5 includes experimental procedure and inter- 
pretation of results. Chapter 6 presents conclusions. 
Appendix 1 includes relevant figures, Appendix 2 identi- 
fies symbols, Appendix 3 lists formulae and Appendix 4 


contains photographs of the prototype. 
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1.2 HISTORY OF POWER IN AGRICULTURE 


oe. Early Man 

Before 8,000 B.C. man was a rare species (20). 
Equipped with few natural defences, he was only able to 
survive by his agility and wit. The use of fire, intro- 
duced just prior to this period, was probably the only 
advancement significant enough to have saved him from 
SxtrnccLon. 

Man of the late Palaeolithic Period (Old Stone 
Age) lived by hunting and food gathering and used a num- 
ber of tools to assist in these ventures. Crude stone 
axes, knives and scrapers were used to supplement hands 
and teeth and at least two important machines were known: 
the bow and the spear thrower (20). As a nomad, Palaeo- 
lithic Man was constantly on the move in search of food 


and his life was far from secure. 


1.2.2 The Beginnings of Agriculture 

By the beginning of the Neolithic Period (New 
Stone Age), about 8,000 B.C., man began to take shelter in 
caves, as the climate had become progressively colder. 
As he moved from place to place in search of food, man 
gradually became aware of the advantages of settlement. 
Hunting and food gathering in a familiar area was much more 
efficient than it was in unfamiliar territory. From 
such "settlement" evolved the domestication of animals and 


the rudimentary development of carpentry and pottery. 
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A portion of man's diet had always been the seeds 
of certain tall grasses. Upon permanent settlement, man 
noticed that these grasses traditionally grew in the same 
general area year after year and this knowledge provided 
for a more stable food supply than meat, obtained at ir- 
regular intervals. It is supposed that the first step 
towards agriculture occurred when some seeds brought to 
his cave, where they could be eaten in safety, were dropped 
at the entrance and grew into a crop on man's very door- 
step*. 

Man thus learned to sow and from this point 
forward progressed much more quickly. With his food sup- 
ply from crops and domesticated animals relatively secure, 
man now had time to consider other matters. The transi- 
tion from food collection to food production was the 


most significant advance of this period. 


li2.3 Graingas, Pood 
With the adoption of grain as man's staple, food 
preparation became more important. Previously the only 
preparation required had been the roasting of meat on a 
spit over an open fire, but grain was not so easily pre- 
pared. Even fruit could be ‘ecaten directly, but Hard ker- 


nels of grain were not ingested so readily. At first, when 


*Of course this accident must have occurred many times 
before the realization that the seed was the source of the new plant 
finally dawned. 
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Only small amounts of grain were eaten, it was possible 
to chew it, like fruit, but as grain became a more domi- 
nant part of man's diet, some method of making it more 
palatable became necessary. 

At first grain was crushed between two stones 
into a coarse flour and later, with the development of 
pottery,.was boiled in water over an open fire to make 
gruel. The combination of these two methods, milling and 
cooking with water, led to the development of bread. 
Later the mortar and pestle was developed and provided 
a means to make better quality flour. By 2,500 B.C. the 
pounding of grain into flour was superceded by the inven- 
tion of the saddle quern, whereby grain was ground by work- 
ing a rubbing stone backwards and forwards across a 
saddle-shaped stone base (20,33)*. 

The saddle quern was in common use in Egyptian 
households at this time and it remained the most advanced 
form of flour milling machinery until the discovery of 
botany sMOtLOn, about. 600°B.C. (20)... “In the rotary gquern, 
grain was ground via friction between two circular stones, 
the upper stone revolving about a pivot projecting from 
the center of the lower stone. This method saved consi- 
derable labor and produced a much finer flour. However, 


even with these "new" developments, the grinding of grain 


*The mechanism for grain milling was now grain kernel 
shear, via friction, instead of compression failure, via impact. 
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for the family was a time-consuming and strenuous task 
which had to be done daily by the womenfolk of each house- 


hold: 


1.2.4 Domestication of Animals 

Until about 3,000 B.C., the only power available 
to man was that of his own muscles. Initially animals-- 
cattle, sheep, goats--were domesticated only in order to 
provide a ready food source in the form of milk and meat 
(and perhaps, in the case of the dog, companionship and 
help in hunting wild game). When man became a farmer and 
tilled the soil, he soon saw the advantage in putting the 
larger animals to work. The harnessing of animals, first 
to the plow and later to the cart, was the first instance 
of men using power, other than that of their own muscles, 
to do their work for them (20). Later, draught animals 
were employed to power large rotary querns and, by the 
time of Christ, commercial milling establishments were 


common throughout the Roman Empire. 


1.2.5 The First Use of Windpower 
The first source of power other than that of men 
and draught animals was the wind. Men learned that the 
wind could help propel’ a boat across’ open stretches of 
water. The development. o£ the sail, credited to the 
Egyptians of about 3,500 B.C., opened the way to marine 
navigation, and by 3,000°B.Cc. the Eastern Mediterranean 


was being freely navigated by wind-powered ships (20). 
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Early Egyptian drawings show a reed boat, equipped with a 
Square sail, used for transporting goods up the Nile 
with the prevailing winds. Ship propulsion via the wind 
remained the dominant method of marine power until super- 
ceded by the development of the steamship some 5,000 years 
later (20). 

No evidence is available that suggests windpower 
was used in agriculture during this period and it is like- 
ly its first use in agriculture did not occur until much 


Iekeues 


1.2.6 Waterpower in Agriculture 

From the cyclic flooding of the Nile, the earli- 
est Egyptian farmers had realized the importance of an 
adequate water supply for their crops. During dry periods 
im Eqypt, before 1,500 B.C., arrigation was practiced 
using man-powered water lifts based on the principle of 
the lever. With the development of the wheel and the in- 
troduction of draught power, the ox-driven water wheel 
carrying a continuous series of pots came into use (about 
200) B.C...) (10) “Byrl100 B.C. the Greek inventor,.Pollio 


Vitruvius, adapted the Eqyptian "wheel of pots" to drive 
itself from the force of the water flowing past the wheel. 
This eliminated the need for animal power in some cases 
(when streams were available and flowed quickly enough) 


and’ ais the first recorded use of other than muscle power 


imagqriculture: (20). 
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The use of waterpower to grind corn was first 
introduced by the Greeks, about 85 B.C., in the form of 
a vertical-shaft mill supported over a fast flowing stream. 
On the lower end of the shaft, a wooden impeller fixed 
to the shaft was rotated by force of moving water and 
drove a rotary milling stone fixed to the shaft above. 
With such an arrangement, however, the speed of the mill- 
stone was the same as the speed of the impeller and this 
was a considerable disadvantage. Later, with the intro- 
duction of suitable right-angle gearing, the horizontal- 
shaft waterwheel was developed and in common usage by the 
Romans before the time of Christ (33). By 550 A.D. Rome 
was almost totally dependent on waterpower for flour mill- 
ing. C7) The watermill concept spread throughout Europe 
and according to the Doomsday Book of 1086 there were 
already 6,000 watermills grinding corn in England by this 


date. Thus, the watermill became man's first engine. 


1.2.7 Windpower in Agriculture 
The first recorded use of windpower for agri- 

SultUsal purposes was about GOO 2.Do, in the District oT 
Seistan located between Persia and Afghanistan (10). 
There, all-wooden windmills were designed to grind corn. 
These were built with the windwheel at ground level such 
thateres vertical axle ascended to the second story, 

where a circular millstone was directly driven in the same 


Manner as the first watermilis. Speed control of this 


- : 7] 
. Ainge +4) fi (i 
5 : 


oe We 


} ' 1" 

! rae key 7 . fon san 
nO ga ane Mare batty ics) ears ae ga 
4 | rink & 
” es Bishan el aie 2) wets aa 


1G Met et Sd 4. Pot BL 


? 
7 


9 eat) st nats 


9) AS at Vabreay 2 203400043 Oo bae =t 
_ : 7 a 


ana tec mm, ' PRiver a 7) Yo) Ogeestes tral 2c: a 


petit) «gate patito in yaetes & a 
fam Sag ire ~yeued .Fireetenresias te Hove 
i i Pet | ac? tf [ees 

= 4 
4 he ; 1 15 -1a.- 
{ : i i> i ‘ 
j PT ad | | Pree 
C) cr (v2 { } ! s 
| 7 5] j 
4 S 
j 5 ad ° : il 
| 4 ade aya fy Wy i c 
f 1 MW we 7 
nid (a fa 1 Tl 
h 
li Boras 
? 
i I (AW 1D 36 
_ 
| - \ We ' 
n _ 
J i \ eee 2 
fate of het ag) dy Ege 
: ci na eat Avy eal [se r ae Cee 
: a 


7 
Jee Ye ie 


windmill was accomplished by a series of shutters around 
the windwheel, at the base, which could be arranged to 
expose more or less of the wheel to the wind. 

In China a similar ground-level, vertical-axis 
windpower mill was constructed at a later date and was far 
more eificient than its Persian counterpart (33). The 
problem of attaining continuous rotary motion from the 
pressure of the wind on a plane surface was solved by 
allowing the sails of the windwheel to rotate such that 
they would move edgewise against the wind and then turn to 
take the full force of ther wind for balieor “each rotacion, 
This arrangement also had the advantage of being able to 
utilize wind equally well from any direction, without ad- 
justment. 

The windmill* was introduced into Europe in the 
Dae Century A.D., by which time the watermill was already 
in common use (20). The major advantage of the windmill 
was that it need not be built next to flowing water and, 
indeed, was most often installed on hilltops where wind 
speeds tended to be greatest. The advantage of the water- 
mill was that more power was available from streams than 
from the wind for comparable installations. Also, water- 
wheel power output tended to be more constant than wind- 


wheel power output. In addition, the energy available to 


*The term "windmill" is used in the colloquial sense 
whereby any device powered by the wind is called a windmill, although 
it may or may not power a mill. 
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the waterwheel is in the form of potential energy which 
can be stored simply by erecting dams to control the water 
flow rate, but the energy of the wind is in the form of 
kinetic energy which is not easily stored*. 

In England, windmills were mainly used to produce 
flour and grit for human consumption, and grouts (husked 
corn) for animal feed. 

In Holland, windmills were developed to pump 
water from the land reclaimed from the sea, and the Dutch 
windmill performed this task admirably for more than 500 
years. 

In Denmark, many farmers built private windmills 
of their own (called housemills) which were usually mounted 
on the barn and used for many tasks, including grain thrash- 
ing, wood cutting and water pumping. The first housemills 
were primitive homemade wooden structures but by the 1890's 
industry was producing iron and steel versions on a massive 
scale to supply the agricultural market. These mass- 
produced windmills were characteristically capable of pro- 
ducing about 3 to 5 kw and many were self-governing to 
rotate at constant speed. In 1890 a State Windmill Station 
was set up at Askov by the Danish Government under the di- 


rection of Professor P. La Cour, and much was done to 


*It should be emphasized that watermills and windmills 
were not competing power sources as such: if there was flowing water 
nearby waterpower was always the first choice, but if wind and not 
water was available then windpower could be used. Of course, if 
neither wind nor water power was available, then it became necessary 
to revert to muscle power supplied by men or draught animals. 
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promote the use of windpower and develop windpower tech- 
nology (Us). 

The advent of electricity provided yet another 
use for windpower. As early as 1881 the idea of using the 
wind to produce electric power had been put forward by 
Sir William Thompson (later, Lord Kelvin). By 1910, se- 
veral hundred wind-electric plants of from 5 to 25 kw 
had been erected in Denmark, according to La Cour's design. 
Each plant was provided with storage batteries to compen- 
sate for the irregularity of the wind thus "storing" wind 
energy for the Parse time. These first small-scale, wind- 
electric plants were a great success and introduced to the 
farmer the utility and versatility of electric power on 
the tarm. (17). 

During the 1800's, windpower in America developed 
parallel to that of Europe. By the 1920's many farms in 
Canada and the United States were uSing windpower to pump 
water or provide electricity. Because of the large land 
holdings and thus the greater distances between neighbours, 
the large communal mills of Europe (which had also been 
symbols of the feudal system in many countries) were never 
popular in America. The smaller windmills, especially 
the multi-bladed, low-speed type, provided water for the 
farm and did much to develop the great agricultural po- 
tential of North America. 

The importance of this movement (the use 

of windpower on farms), inaugurated by our 


inventive farmers, is made manifest in that 
many acres of garden truck, fruit land and 
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even farm land are irrigated; that stock is 
supplied with water; that ranchers and sheep 
herders are benefited; that dairy products 
are increased and improved and that the 
comfort of the village and the rural home 

is often enhanced. 


(l-page 5) 
Such was the contribution of windpower to the development 


of agriculture. 
1.3 MODERN POWER SOURCES IN AGRICULTURE 


1.3.1 Heat Engines 

With the coming of more reliable power sources, 
the use of windpower declined. Steam power, introduced 
in the early 1800's, soon became important not only for 
grain thrashing and water pumping, but also for culti- 
vation of the soil. Gradually steam power replaced wind 
and muscle power on the farm. 

Steam engines differed greatly from earlier 
prime movers in that they were more reliable and more pow- 
erful than natural power sources and could produce 
power on demand. But steam engines also had to be fueled, 
distinguishing them from natural power which had left 
the environment essentially unchanged. Now trees had to 
be cut, coal mined and oil supplied to keep the steam 
engines running. 

In the early 1900's internal combustion engines 
were introduced to agriculture. They were lighter and 
cheaper than the steam engine. The adoption of the inter- 


nal combustion engine quickly led to the industrialization 
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of the developed world and this engine has yet to be re- 


placed as the major prime mover in modern agriculture. 


Lo 22" VELeCeRVCLEey 

Rural electrification in the developed countries 
began about 1910 with the use of steam engine, internal 
combustion engine, and wind and water driven electrical 
generators. The utility and versatility of electric power 
on the farm led to its universal adoption by agriculture. 
Extensive electrical distribution systems in America and 
Europe soon eliminated the need for each farm to produce 
its own electricity and at present almost all farmers in 
the developed countries are supplied with electric power 


from such networks. 


1.3.3 Windpower 
At present there are still a few small wind- 
mills in North America in operation on the farm, mainly 
used to pump water for livestock, but they are no longer 
common. In Europe, only a few large size windmills are 
still in working order and these serve mainly as tourist 
attractions. In some areas there are a few smaller wind- 
power plants used for the generation of electricity and 
water pumping on European farms, but these no longer make 
A signiticant contribution to total farm power require= 


ments. 
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1.4 WINDPOWER: PRESENT AND FUTURE 


1.4.1 Recent Windpower Developments 

In recent years, windpower development in the 
developed countries has concentrated on the production of 
electric power. The largest windpower plant built in 
America, to date, was the Smith-Putnam wind turbine in- 
stalled in 1941 on Grampa's Knob in Vermont. The sup- 
port tower of this mammoth aerogenerator was 110 feet 
high. Its 1250 kw generator was driven by a 175 foot 
diameter windwheel. In 1945, after only a few months' 
operation, this machine was wrecked by high winds and was 
never rebuilt (17). During World War II, a number of 50 
to 70 kw aerogenerators were built in Denmark by F. L. 
Smidth of Copenhagen to feed electrical power into local 
distribution lines, and many of these machines are still 
in operation (17). In Great Britain a 100 kw experimen- 
tal machine with an eighty-foot, two-blade propellor was 
Operated successfully by 1955 near St. Albans, England (45). 
In 1958 this machine was transported to Algeria and is 
still undergoing long range testing (46). Germany, France 
and the U.S.S.R. are at present all developing large and 
small-scale aerogenerators and most recently, the National 
Science Foundation in the United States announced plans for 
the construction of a 3,000 kw aerogenerator as the first 
step of a multimillion dollar research and development 


scheme to produce alternates to fossil-fuel electrical 
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energy production. 

In the less-developed countries very little has 
been done to promote the use of windpower in agriculture. 
A number of organizations are supporting research in India 
but, to date, little has been done to get windpower onto 
the farms, (2/7, 37, 38). ~The Brace. Institute in Canada, 
associated with McGill University, has been developing 
a windpower plant for use in less-developed countries. 

The initial results from testing windpower irrigation in 
the Caribbean indicate a technical success but the econo- 


mics of this particular application are not encouraging’. 


1.4.2 The Future of Windpower 

Within the past few years there has been a 
renewed interest in the wind as a source of energy. Ra- 
pidly increasing fuel costs and concern for the environ- 
ment are two factors contributing to this interest in de- 
veloped countries. The United States has just launched 
a 30 million dollar windpower program and it is expected 
that other developed countries will follow suit (5). 

In the less-developed countries, the tremendous 
incluence that the introduction of natural power sources 


such as wind and water can have on development is recog- 


*One interesting result has been that, under tests in 
the Caribbean, it has been shown that the relatively unsteady water 
supply produced by the windpower plant has not resulted in reduced 
yields compared to yields having a steady supply of irrigation water 
provided by diesel power. 
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nized. In the rural areas of many of these countries the 
only power available is still muscle power. It is thought 
that the introduction of natural power sources can do much 


toward more rapid agricultural development (34). 
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2. THE RATIONALE FOR WINDPOWER USE 
IN LESS-DEVELOPED COUNTRIES 


2.1 AGRICULTURE IN LESS-DEVELOPED COUNTRIES 


2.1.1 The Present Situation 

The majority of those who work in the agricul- 
tural sector of the less-developed world live at the 
lowest socio-economic level of existence--the so-called 
"subsistence level". In economic terms this means that 
productivity is stable at a level too low to produce a 
Surplus of primary agricultural commodities sufficient to 
provide for improved methods of production. This basic 
inability to accumulate capital is one major obstacle to 
economic development. In social terms, those living at 
the subsistence level have little control over their des- 
tinies, living at the mercy of the elements and the more 
powerful who control the prices paid for agricultural 
goods. 

In the past it was postulated that the injec- 


tion ort Surficient capital anto the agricultural sector* 


*Note that the agricultural sector includes not only the 
subsistence farmer but also corporate farmers as well as those asso- 
ciated with government and other agricultural agencies. Probably 
little capital has ever filtered down to subsistence farmers. 
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would stimulate economic growth and thus lead to develop- 
ment, butethis has not ‘proven to be so (21). “In order ‘to 
better judge what may or may not be accomplished, it is 
useful to consider the subsistence farm situation in his- 
torical perspective. 

In some of the poorer countries of Africa, for 
exanple, “agricultural work is, for the most part; carrred 
out by hand labor; tools are often simple and inefficient; 
corn is usually pounded (instead of ground) into a coarse 
flour, and used as the staple food. These agricultural 
methods were common to the Eastern Mediterranean Civili- 
zations which flourished four to five thousand years ago 
(see Section 1.2.3). In the introduction to this thesis 
the extremely slow pace of the natural evolution of tech- 
nology in agriculture was emphasized. But today, national 
and international pressures on the poorer agricultural 
nations demand higher productivity and efficiency in the 
agricultural sector of their economies and in this con- 
text, subsistence farming methods are an anachronism. 

The people of these nations cannot wait for "natural evolu- 
tion to guide them towards a more developed way of life. 

The necessity for agricultural development is 
intensified by the rates of urbanization in the less- 
developed countries. The desire of most agricultural 
WOrkers sis that, with luck and perhaps a little harder 
work, they or their children can somehow escape from the 


countryside to the towns and cities. This movement is not 
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only a problem in urban centers, with shanty towns and 
massive unemployment, but also presents a formidable prob- 
lem to agriculture. The more adventuresome, and thus 
potentially progressive farmers, leave agriculture for the 
comfort and excitement of urban living, leaving the less 
progressive farmers to work the land. As long as agricul- 
ture remains a form of bondage and the subsistence farmer 
has no opportunity to better his way of life in rural 


communities, this drain on agriculture will continue (31). 


2.1.2 The Development Goal 

In the broadest context, for those who believe 
that greater socio-economic equality will bring greater 
global stability by reducing the population growth rate 
and the incidence of war, development of the less-fortunate 
nations must be a priority. Development, as viewed by 
Peter Dorner, must reduce unemployment and underemploy- 
ment and result in greater equality of resource distribution 
as well as increased agricultural production and produc- 
tivity (8). The xealization that ‘employment and production 
must be viewed alongside economics suggests that "total 
development" is more than just a matter of "economic 
development". The goal in less-developed agriculture must 
therefore be to employ more people more effectively towards 
a dredter productivity. Thus, a prerequisite for develop-— 
Ment in the agricultural sector of less-developed countries 
is that farming must be attractive to those with the energy 


and ingenuity to institute what will amount to an agricul- 
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tural revolution’. 

It must be emphasized, however, that if live- 
lihood in agriculture is not rewarded in both social and 
economic terms, the effect of even the most generous capi- 
tal inputs and the most appropriate technologies will be 
undermined. Education oriented towards agriculture and 
the participation of the elites in agriculture is essen- 
tial. As reported by UNESCO, in America only 4 percent of 
the many students that come from overseas for further aca- 
demic training are interested in the fundamental problems 
GiLragriculture in their homelands (37); , This «illustrates 
very well the low esteem that is held for agriculture by 
the educated of the less-developed world. 

2.2 POWER IN AGRICULTURE 
2.2.1 Introduction of Power to Less-Developed Agri- 
culture 

The introduction of mechanical power to less- 
developed agriculture is an extremely controversial sub- 
ject. There are those that suggest that the introduction 
of "labor-saving" devices will increase unemployment and 
is thus anti-development, while others reason that without 
the use of power machinery productivity cannot be increased 


appreciably (18). Actually, a compromise between the so- 


*The writer is not referring here specifically to a repetition of 
the agricultural revolution of the North Atlantic Region but of any 
process of change from anachronistic to appropriate agricultural me- 
thods. 
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cial and economic effects of power mechanization is re- 
quired and local factors such as labor-availability and 
capital-requirements, etc., should determine an appro- 
priate level of mechanization for each case. 

One major effect of introducing power to the 
farm is to generate new interest in agriculture. When it 
is shown that agriculture need not be synonymous with 
back-breaking toil, hopefully, the more progressive farmers 
and their offspring will not be so eager to abandon the 
country for the town. However, in order to be compatible 
with "total development", it is essential that the intro- 
duction of power machinery does not displace many farm 
workers and is in some manner controlled by the farmers 
themselves*. 

The small size of most farms in the less- 
developed countries means that if control is to be local* 
then the power source must, Of economic necessity, he 
small-scale. 

Therefore, the purpose of introducing mechanical 
power to the private agricultural sector of less-developed 


nations must be to: (a) free the farmer and his family 


*This matter of control is most important. as it is control 
of the power source, not the power itself, that will give the farmer 
not only the ability to produce more but the incentive for him and 
his family to remain on the farm. This thesis is concerned with the 
development of the independent farmer, in preference to the reorgani- 
zation of agriculture into large-scale farms, in the belief that pro- 
gressive farmers will operate more efficiently on their own than 
when forced to work on large corporate farms. 
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from the drudgery of non-productive tasks such as water- 
Carrying and flour-milling, in order that more time and 
energy May be spent on the cultivation of crops; (b) gener- 
ate interest in agriculture and incentive for the progres- 
Sive farmer to stay on the land; (c) provide inspiration 
for innovation necessary for increased agricultural produc- 


TV ys 


2.2.2 Power Alternatives 

Three sources of power other than muscle power 
can be made available for use in less-developed agricul- 
ture: heat-engine power, waterpower and windpower*. 

If the power source need be portable, then at 
present, the only alternative is the heat-engine of the 
internal combustion type. Internal combustion engine power 
is versatile, portable and dependable, all characteristics 
important for use in modern agriculture; however, its ap- 
propriateness for use in less-developed agriculture is 
debatable. Such power sources clearly require consider- 
able capital resources for purchase and maintenance, as 
well as resulting in severe rural unemployment when put 
to large-scale use. This is clearly anti-development. 

Natural power, derived from the energy of air 
ance water motion, is) limited to Stationary use. In agqri- 


culture, both of these natural power sources have been 


*Any of these may be used to generate electric power. 
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used for centuries and “the cholce of which of these is to 
be used depends greatly on availability. “Im the rural 
areas of the less-developed countries where water is 
abundant, agriculture is already well developed. It is 
those areas that do not have an abundant water supply that 
are in greatest need and it is here that the use of wind- 


power can have its greatest beneficial effect. 


2.3 APPROPRIATE TECHNOLOGY 


2e3.., DeEini tion 

In the less-developed countries, the two ex- 
tremes of agricultural mechanization have given similar 
results. The introduction of Highly mechanized agricul— 
tural methods has often resulted in failure* and tradition- 
al agriculture, using minimal mechanization, has proven 
stable only at subsistence levels of production. Without 
some form of mechanization, the traditional farmer has 
little chance to improve his productivity to the extent 
required for stable development to occur. 

Somewhere between these two extremes, it 1s con- 
cluded, there exists an appropriate level of mechanization 
that would better meet the needs of a less-developed agri- 


cultural country (31). VA growing realization of the anap- 


*Not only does this approach fail to meet the goals of 
"total development", but the lack of supportive infrastructure such 
as spare parts supply or trained personnel often causes the physical 
failure and consequent abandonment of such highly mechanized projects. 
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propriateness of technology transferred directly from tech- 
nically more advanced nations has given rise to the con- 
cept of "appropriate technology" for agricultural develop- 
ment (32). 

The basic difficulty in direct transfer of tech- 
nology developed in an industrial country is its capital- 
intensive, labor-saving premise. In less-developed coun- 
tries, technology that will increase employment and reduce 
Capital requirements is needed; that is, a capital-saving, 
labor-intensive technology. For example: a number of 
small, hand-powered flour mills may be preferable to one 
large electric or diesel powered mill. 

Thus in 1965 the Intermediate Technology Develop- 
ment Group* was established in London to: (a), “compaies an— 
ventories of existing technologies, (b) identify gaps be- 
tween existing technologies, (c) develop more appropriate 
technologies, (d) test and demonstrate results in the 
field, (e): publash® results to facilitate ‘the transfer and 
use of appropriate technology. It is hoped that the ap- 
plication of appropriate technology to problems of produc= 
tivity in the less-developed countries will give better 
results than has the direct transfer of highly sophisti- 
cated western technology, advocated in the past as a short- 


cut to development. 


*Headquarters at Parnell House, 25 Wilton Road, London, 
England. 
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24 
2.3.2 Relevance to Power 

Applying the principles of appropriate techno- 
logy to the production of power in less-developed agricul- 
ture leads to interesting results. For example, most 
large-scale, sophisticated power production machinery needs 
to be scaled down and simplified in order to be more ap- 
propriate. Similarly, full-scale tractorization is clear- 
ly inappropriate as it is indeed labor-saving and capital- 
intensive in the extreme* (32). 

In a country where both trained personnel and 
capital are scarce, the use of such machinery causes con- 
Siderable economic strain. With internal combustion en- 
gines the full economic impact is often not felt until the 
machinery has been in operation for some time. The need 
for fuel which must be purchased with scarce foreign ex- 
change and the tying up of trained personnel to perform 
continuous maintenance are two factors that make its use 
for stationary power production most inappropriate in 


less-developed agriculture. 


2.3.3 Appropriate Windpower Use 
Although windpower is generally inappropriate for 


industrial applications**, windpower can be used in agri- 


*Yet many less-developed countries are still advocating 
large-scale tractorization (often in pursuit of prestige, not produc- 
tivity). Research is presently under way at the National College of 
Agricultural Engineering in England to develop small-scale tractor 
technology specifically for use in less-developed agriculture. 


**One exception is discussed in (45). 
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culture for those tasks which may be done in sttu. Prin- 
cipally this includes water pumping and post harvest me- 
chanization, both generally carried out by the women of 
rural communities. If windpower were employed to replace 
manpower in this case, its major effect on the labor eco- 
nomy would be to free those women to spend more time and 
energy on the more productive occupation of crop cultiva- 
tion. This would be of direct advantage to those working 
the land and could do much to insure the success of such 
an innovation. According to M. Mamdani, 

Only under certain social conditions--that 

is, only when the adoption of a particular 


technology was in their interest--were the 
people responsive to technological change. 


(2 Se, 153) 

As with all innovation, the appropriateness of 
windpower will depend greatly on its form. At present 
there are a number of large-scale, sophisticated windpower 
projects underway but their capital-intensive, labor-saving 
character is not compatible with the needs of less- 
developed countries. Small-scale, simple windpower plants 
would be more appropriate. Their use would allow each farm 
or small village to have its own windpower plant which 


would minimize travelling distances, employ local person- 


Ww Ww 


nel and give Gontrol of this "new" power source to the 

people who can make the best use of it. Another advantage 
OL chise type ot Small-scale installation as "ics educative 
effect upon the people that it serves. Through continual 


exposure to the advantages of innovation on the farm, tra- 
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ditionally "conservative" farmers may become "progressive" 


farmers and thus the process of development furthered. 
2.4 WINDPOWER FOR AGRICULTURAL DEVELOPMENT 


2.4.1 Advantages of Windpower 

For stationary use, windpower has one major 
advantage over internal combustion power: wind is its 
fuel. Although this represents a considerable saving, the 
inherent costs of windpower (amortization, interest and 
Maintenance) may or may not give it an economic advantage 
over fueled engines. 

High operating costs, spare parts requirements 
and the need for continuous maintenance by trained person- 
nel make the heat engines far from ideal for use in less- 
developed agriculture. On the other hand, natural power 
sources such as wind and water need not demand high operat- 
ing expenditures and sophisticated maintenance inputs, but 
initial capital cost of natural power installations have 
traditionally been higher than that reguired for comparable 
heat engine power. Still, recent increases in the cost of 
petroleum products as well as recent concern over the en- 
vironmental effects of combustion engine exhaust has done 
much to reduce heat engine competitiveness with natural 
power sources and this trend is expected to continue. 

Water power is in many ways an ideal source of 
power for both developed and less-developed countries but 


it has one major disadvantage in the less-developed world. 
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Often flowing water is not available nearby and extensive 
electrification systems have yet to be developed suffi- 
ciently to provide Hydroelectric power to the small farms 


of the less-developed countries. 


2.4.2 Windpower Limitations 

The greatest limitation of windpower use is the 
wind itself. Winds must be of sufficient quantity and 
quality to support windpower development for any given 
location. Quantity in terms of wind speed and quality in 
terms of wind speed variation must both be known before 
recommendations relative to windpower suitability can be 
made. Limitations on the size and complexity of windpower 
plants are usually governed by social and economic fac- 
tors. (Using the appropriate technology approach, small- 
scale, simple windpower application is best suited for use 
in rural communities of less-developed countries.) Mech- 
anical windpower plants such as those designed specifically 
to pump water or mill grain are also limited in their use 
and usually can only be used to do the one task for which 
each was built. By contrast, electrical windpower plants 
(or aerogenerators, as they are commonly called) are not 
as limited an their application and may be used for many 
tasks Gncluding lighting, water pumping, milling, etc. 
The use of an aerogenerator instead of a mechanical wind- 
power plant also has the advantage that many tasks may be 


done simultaneously. 
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2.4.3 Economics of Windpower 

The major expense associated with windpower uti- 
livation is the capital cost of construction and anstalla-— 
tion, and the corresponding interest charges. Operation 
costs are limited to periodic inspection and maintenance 
as, unlike the heat engines, there is no fuel requirement. 

-In order to measure the cost per unit energy, the 
following facts must be known: C, the capital cost of the 
windpower installation per unit of power capacity; p, 
the percentage applied in the calculation of the annual 
costs of interest, depreciation and maintenance; and E, 
the annual output of energy per unit of power capacity 
(called “specific output). 

The calculation of energy cost is then simply: 
(p-C)/(100°E) per unit energy output. For example if 
capital cost is $1,000 per kw, annual charges are 20%, 
and specific output is 2,000 kwh per kw, then: energy 
Cost, G, 1S: (20° = 1000) 7 (100 s 2000)" = S010 per kwh. 

The potential of windpower as a method of produc- 
ing energy in competition with other methods is judged by 
comparing the energy cost, calculated in this way, with 
that for other alternatives. The capital cost, €, and the 
Maintenance and depreciation components of the annual 
percent charges, p, depend largely on the design of the 
windpower plant itself. By using better materials, for 
example, C may increase but p should decrease and the 


overall etfiect on the cost of energy, G, can be calcu- 
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lated. In this way an economic design is produced. 

The rate of interest charged on capital is de- 
termined largely by economic conditions in the country of 
purchase and the specific output, E, depends on annual 
wind speeds and the efficiency of energy conversion. Un- 
der normal conditions the cost of energy from the wind 
Varies trom 5 to 25. cents per kwh for typical plants 
presently in operation. 

It must be pointed out, however, that economics, 
LUOUIi san LNpOrtant factor, 15 noe tne Only actor that 
must be considered in the application of power to less- 


developed agriculture. 


2.4.4 Windpower Applications 

A major use of windpower on the farm is for 
pumping water. On farms where water has to be drawn and/ 
or transported by hand, it must be used sparingly. Often 
water scarcity prevents the raising of farm animals, and 
lack of sufficient water for even minimal irrigation 
leaves the farmer totally at the mercy of natural rain- 
cigs Be WA 

In some areas of the less-developed world, wind- 
power could do much to increase the availability of water 
for small farms in remote areas and, with the addition of 
reservoirs, water could even be made available during 
periods of calm. 

The use of windpower for direct water pumping 


has limitations in that the use of mechanical drive dic- 
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tates that the plant must be located very near (often 
directly above) the well, and this is often inconvenient. 
In addition, the direct connection between the windwheel 
and the pump gives the user little opportunity to vary 
loading conditions in order to maximize energy utiliza- 
tion. Energy that cannot be used immediately by the pump 
is thus wasted. 

Other mechanical-drive plants similar to the wind 
pump may be used for post-harvest mechanization (thrashing, 
winnowing or milling), but mechanical energy is not easily 
stored and matching power availability to power require- 
ment is often a problem. An alternate method of windpower 
utilization is offered by the wind-electric system. 

From the 1920's through the 1940's, a number of 
small wind-electric plants were built in Europe and Ameri- 
Cal Producing electrical energy at -b £o 32 volts. “In- ‘the 
days before rural electrification they provided an import- 
ant source of energy to charge automobile batteries and 
provide electric light on the farm. Now, throughout the 
developed world, almost all of these small wind-electric 
plants have been replaced by more reliable power sources. 
In the rural areas of less-developed countries, reliable 
power sources such as those provided by rural electrifi- 
cation will not be available to the farmer for some time 
to come and there is a need to provide some means of ener- 
gy Sroquction on the Tarm. 


A major advantage of the wind-electric system 
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is its versatility. Electric power can be transmitted, 
by wire, some distance from its source*--thus eliminating 
the need for the power supply and power user to be adja- 
cent. Electric energy may be stored in batteries to pro- 
vide power during periods of calm. Electric appliances 
such as lights can be powered as well as machinery driven 
by electric motors. The versatility of electric power 
offers many advantages over mechanical power and provides 


a great deal more opportunity for innovation. 


*R small amount of energy is lost to heat due to the electri- 
cal resistance of the wire. 
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3. WINDPOWER THEORY 


3.4) WIND 


3.101 The Nature of Wind 

Wind is air movement resulting from atmospheric 
pressure differentials. Four factors need be known to 
completely describe the wind at a particular time and. 
LGCation:. 2ts direction, ats change in direction, 22ts 
speed and its change in speed. For windpower use: wind 
direction may determine windwheel orientation, wind speed 
will determine available windpower, change in wind direc- 
tion will determine windwheel orientation response, and 
change in wind speed will determine the variability of 
windpower output. 

Three types of winds are recognized: prevail- 
ing winds, energy winds and storm winds. The prevailing 
winds are those which blow most often and thus determine 
the usual orientation of the windwheel. The energy winds 
are those that possess the greatest kinetic energy and are 
important in determining long range energy output of a 
windpower plant. Storm winds are those that have the 
greatest wind speed and are important in determining what 
forces the windpower plant must be able to withstand dur- 


ing storms. 
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A macroscopic view of the earth's prevailing 
winds suggests that the less-developed areas located near 
the equator are in the doldrums, and thus have little 
windpower potential (see Figure 1). This is most mislead- 
ing as, although "average" wind speeds over large areas 
are low, local conditions are often such as to produce 
winds favorable to windpower utilization. Many areas 
Within India, China, Africa and Latin America are at 
present using some form of windpower in agriculture al- 


though they are in the doldrums. 


3.1.2 Power from the Wind 


The amount of power available in the wind de- 


pends on its kinetic energy, Eve such that: 
E 
k 
= — A 
= Ae ° * . . . ° . e . e * * ( ) 
where: P is available power in kw, 
E. is the kinetic energy in kwh, and 
t is the time period of energy extrac- 
ELon vim Hours. 
Kinetic energy is defined as the energy of motion and: 
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wheres mis the mass of flow in kgs. and 


Ss is the flow speed in metres per 
second. 


FOr a Circular Cross-Sectional area perpendicu- 
Par to the. wind velocity, the mess of air, m, whieh flows 


PHeOuGMetits alee tedariven by: (see sketch below) 
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where: V is the flow volume in metres’ and 
Peis the atm denetty 1 koe metres. 


At igsiae ess 602R.H. and 100 mb pressure, £ = 1.20 kg./metres?® 


Bic: V rae ere ears ak . . e «- ° . . . . ° (D) 


where: D is the cross-sectional diameter in 
metres and 


d is the travel lencthn of sche cylinder 
of air in metres which passes through 
the cross-sectional area in time, t. 
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From aerodynamic considerations, the maximum 


extractable power, Pe is given by: 
Py = 08 59.3P ef% A ee eee ee eel COR 


The power coefficient, Cor is defined as the ra- 
tio of actual power extracted, Por to the extractable 
power, Por and is thus a measure of energy conversion 
efficiency: 

*Note that t is in hours and s is in metres per second, 
hence the need for the 3600 conversion factor. 

**In order that the air entering the plane of the windwheel 
be allowed to leave, it must retain some of its initial speed, thus on- 


ly a portion of the total kinetic energy of the wind is "extractable". 
See reference (14) for detailed explanation. 
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Even with the most modern windpower plants, a 
Co value of 0.7 is seldom exceeded. Combining this with 
Equation (J) gives the result that only about 40% (0.7 x 
0.593 = 0.415) of the kinetic energy of the wind can be 
usefully employed even under the most ideal conditions. 
For modern wind power plants a 30% energy conversion effi- 
ciency is considered excellent. 

It should be emphasized that a major difference 
exists between energy extraction from a kinetic energy 
source such as the wind, and energy extraction from a po- 
tential energy source such as water. Potential energy 
such as that available in dams feeding hydro-power plants 
can be easily stored, but the kinetic energy of the wind 
must be used or transformed into other forms of energy, 
as it is supplied. It cannot be stored as kinetic energy 


for future use. 


3.1.3 Choosing a Windpower Site 
Both wind quantity and wind quality need be con- 
sidered in choosing a windpower site. It is generally 


accepted that average windspeeds of less than 4.5 metres 
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per second are unsuitable for windpower, but wind quality 
is also a consideration. The steadier the wind, the more 
usefully it may be employed. Areas where long periods of 
high winds are followed by long periods of calm or where 
wind speeds characteristically vary greatly over even 
shorter time periods are less than ideal. 

Generally speaking, wind speeds for most areas 
are entirely random (even though the averages and extremes 
may not vary greatly from year to year), so that even di- 
urnal variation is not predictable (15). In order to best 
utilize what wind is available, the following generaliza- 
tions should be noted: (a) wind speed generally increases 
with altitude so that it is often advisable to site a wind- 
power plant on a hill if possible; (b) obstructions such as 
buildings or trees should not be within 400 metres of the 
plant, to reduce eddies and thus help to stabilize wind 
speeds; (c) in the tropics, winds are often greater at the 
coast than inland. 

Ideally, so that windpower plant performance 
may be predicted with some accuracy before installation, 
at least one year's continuous record of wind speeds should 
be available from near the proposed site. The record can 
then be converted to power units using Equations (I), (J) 
and (K) of section 341.2 and accurate determinations of 
annual energy available, energy storage requirement and 


optimum power plant size may be made. 


: oe 
<. : ves | 
7 x se, yy - 


1 BS isdn hopew aud re hs 


-_ 
= - 


v's “ed r 
era art Sbmiw ott one ides: se mir tis st 
/ . a 7 
: Olt ra Tz i Te ake  Y es al if b D 4 
: ' -s i 
toile i pil har Fey, Sb 30 is 5 sri te bo? wie ebm 
a ae 
Tava 1240 we 45a aE 1a r te ‘ aul bea paceais 7; a i W 
a 1 - FI 
bene’, isrkch as a a tet rq. ans o are) 
we 0 ye hye iri oes a ee 
pee . 7 
Tah e. idi : ee 210 PL at 1 uh © 1 mich > 7 Ho's fort 4 2% 
; ££ : a 
a tre ¢ > © —).an st 
5 QO LB eyv Tae o ss se yan 730 - 
‘ 7 


«4 - + . | (¢ ta [ris toh ais ; By bh ed leew 

MLE retem s * Oijfol Air eae ceve | os ii sy anti a) 
{Se 

[aan basco? aly (ee Fea wb le ost 


j ; Ta ate ryt ’ aw F A bite ik 


ee ry * ees | me ~ 
iis _ 


ie tath ase ie sie Gonish {Sodan eee Sa" ‘ded 
i om 
oe 


i iy 


: 
S| i «7 9 F ( ‘ wet ivict dw “br 9-9 He \ ‘/ 


weitel rhe iH4test Vsayisr.al oii i a's) im es np 

wiv Sait GMs, we irs? Eyal tte aad 4 ne a 
wes “Stes tg meh ee Ad ih 
le ui pie 0G if adh i! ite 


a EY t usts Lincs Tie 5 arene, ) parse Sh 
: ; M 1 7 7 2 
7 ; Livy STB Ihe Th ra nn is IGS ; 
: ; pel 
7 : ; mi ~ c 


# 


bo a aaa 


38 


3.2 WINDWHEELS 


jee. | Description 

The windwheel (sometimes referred to as the 
"rotor") is the prime mover of the windpower plant. Its 
function is to convert the kinetic energy of the wind to 
mechanical kinetic energy which may then be used to do 
work. The windwheel itself usually consists of a number 
of radial blades, fixed to a central hub, which rotate an 
axle in response to the force of the wind. Power generated 
by the windwheel is then transmitted via the axle, direct- 
ly or indirectly, to a mechanical or electrical system 
that can utilize or store the energy thus produced. 

The efficiency of the windwheel is a major fac- 
tor in overall windpower plant efficiency and thus its 


Gdesign is important. 


3.2.2 Types of Windwheels 

Windwheels are classed according to their plane 
of rotation and thus are usually termed "vertical" or 
"horizontal" axis windwheels. The most familiar type, 
like the American windpump or the Dutch windmill, are in 
the horizontal axis class. The earliest types, such as 
the ones first developed in Persia and China (see Section 
Lazu prarerun the.vertical) axis class, aS are ‘a-number, of 
recent models presently under test by the National Re- 
search Counci. of Canada. 


The advantage of the vertical axis windwheel is 


a : 
i 7 % 


? 
_— 


ap 1) | leuk Cisper’ TS. x" 
; : i a - 7 : < 
efit oko th (spies Tops se ge) hows att 


~ ‘ r an 


Ay ‘ Para ey ee 
= —+thblc Soiegcrewmrens “tS vay, iw ta L iz - 
| io a eaten’ Gee 
( a 


hi i: an a a (tr? isle dt ec ae oe ee 
o> 
pie Jit, JOP RS ee in ee © 
sil eo - 7 


ru 
re) > Pre = * < Prey? ? Se oa) ig Tt fit 


Th iB t 
ive 24 #9 : A “¢ ey cal Sh a a * 
. 


- 
t ae, OT eee, Ch 
ll qipy i I 224 gree wants 
Tarr *! 13 A : ks fi te 
‘ ; it 
i 1 i / 
¢ 
(oe . iwhst«s vias 
/ ! } i t ; 
a ! 
f i) ( j a ‘ i ee | 
! Liu : ’ arf i é 4 : t ; — 


4 
SRC), ea 


oan x . ; qt 7 . ; », 4 ei4 me pp 


shel 
_ , al , tome iF 


. oy il 


7 


that it accepts wind equally well from any direction 
without having to change orientation. The horizontal axis 
windwheel, on the other hand, must respond to wind direc- 
tion in order that its plane of rotation be kept perpendi- 
cular to the wind velocity. 

There are literally hundreds of types of each 
class of windwheel* but generally the horizontal axis de- 
Sign is more economical and efficient. As well, the in- 
herent low-speed of conventional vertical axis windwheels 
make them guite unsuitable for aerogenerator use unless 
considerable speed reduction machinery is added. However, 
horizontal axis windwheels, depending on design, may be 
low or high speed. An example of the low-speed, high- 
torque horizontal axis windwheel is that familiar model 
used as a windpump in North America, wherein almost all 


of the swept area is filled by the windwheel blades. An 


S23 


example of the high-speed, low-torque horizontal axis wind- 


wheel is the propeller-type aerogenerator wherein only 
a fraction of the swept area is filled by the blades. 
(This type of windwheel has the greatest efficiency of 
elles) 

Windwheel size varies from the small, two-metre 
diameter, commonly used on small farms, to the fifty- 
metre diameter wheel recently developed to produce elec- 


tric power for utility companies in Europe and America. 


*See references: (1, 3, 10, 17, 24, 25, 30, 41, 44, 46). 
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3.2.3 Windwheel Selection 

In selecting a windwheel for a specific appli- 
cation, torque and rotational speed must both be taken 
into account for a given power requirement. Type of wind- 
wheel to be specified is easily determined. For mechani- 
cally driven machinery, such as pumps, mills, etc., wind- 
wheel characteristics must be such as to provide a high 
starting torque and relatively low rotational speed at 
"normal" wind speeds. For aerogenerator use, windwheels 
should be of the high-speed propeller type. 

Once the type of windwheel to be used for a spe- 
cific application has been determined, an approximate 
value for its power coefficient, oa may be assumed and 
thus an appropriate windwheel diameter chosen [using Fqua- 
PLSNMIGh) seCeLOnu gel. 2a. Note, from Boudtaion (a5 that. the 
power output varies with the square of the diameter, such 
that a doubling of windwheel diameter will result ina 
four-fold power output increase. 

Rotational speed and torque are related to power 


by the following equation: 
Pre ae an (ey eel) ee ee ee NY) 


Po e004 se OF ee 


*Note that 1 newton-metre/minute = 1 Joule/minute = 1.67 x 
a6 
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where: -P is the power output am kw, 
t 1s the torque in newton-metres and 


n is the rotational speed in r.p.m. 


blade 


windwheel axis 
Of ToOtatLon 


Windwheel 


Equation (N) illustrates that torque varies in- 
versely with rotational speed such that, for a given power 
output, P, rotational speed, n, can be increased only by 
reducing torque, t. This relationship governs the match- 


ing of windwheel characteristics to their application. 


3.3 WINDPOWER UTILIZATION 


3.3.1 Mechanical Power 

During its earliest development and until the 
1890's (see Section 1.2.7) windpower in agriculture was 
used exclusively to provide power by mechanical means. 

A major problem with mechanical windpower trans- 
mission is the drive train necessary to connect the wind- 
wheel to the driven machinery. Drive train components, 
including gears, pulleys, driveshafts, cranks and levers, 


result in energy losses which reduce overall plant effi- 
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42 
ciency while adding much to the plant cost. In addition, 
even the simplest mechanical drive train requires con- 
siderable maintenance, including the use of some form of 
lubrication essential to reducing wear and eneray losses. 

The difficulty of transmitting power mechanical- 
ly for long distances usually means that the power user 
must be located as close to the windwheel as possible, 
often just below the windwheel support, tower, and for many 
applications this is most inconvenient, Mechanical drives 
are seldom used to do more than one task, as a connect 
and disconnect capability would require special, expen- 
Sive machinery, aS would arrangements designed to increase 
versatility by allowing more than one task to be done at 
one time. 

As wind speed changes constantly and windpower 
output varies as the speed cubed [see Fquation (I) - Sec- 
tion Salas, Lt ws most difficult, with mechanical ‘wind= 
power plants, to utilize power as it is produced. During 
the "age of windpower" in Europe, on windy days millers 
worked very hard for long hours, and then relaxed during 
periods of calm. Often this is not a convenient or practi— 
cal solution to matching power supply to demand and better 
results can be accomplished if some form of energy storage 
is used. Unfortunately, mechanical kinetic energy cannot 


be easily or economically stored. 


S32 oO shiectrical Power 


With the development of electricity in the 1890's 
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came the idea of generating electrical power from the wind. 
At first, aerogenerators were most often driven via a 
speed reduction system capable of increasing rotational 
speed to an acceptable level, but such machinery, as 
did the mechanical drive train, increased maintenance 
requirements and plant cost. Not until the 1920's, with 
the introduction of the efficient, high-speed propeller, 
was direct drive of aerogqenerators made possible. 

Electrical power from the wind had many advan- 
tages over mechanical power. In the wind-electric plant 
the troublesome drive train of the mechanical plant is 
replaced by maintenance-free electrical wiring. As well, 
more than one task can be done at a time, using electri- 
cal power, by simple connections. In this way power sup- 
ply can be more easily matched to demand. Adding storage 
batteries to the wind-electric system also results in a 
more steady energy supply than previously offered by mech- 
anical power plants*, but this may add considerable cost 
to the wind-electric plant. 

However, the greatest advantage of electric power 
Ps vossversatility; 26 can be used for lighting, driving 
electric motors or powering a number of electrical appli- 
ances. The simplicity, efficiency and versatility of the 


wind-electric system make it far superior to the wind- 


*Surplus energy can be stored for use during periods when 
demand is greater than supply. 
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mechanical system for use on small farms. 


53.0 sunergy Storage 

To provide energy during calms and to better 
utilize wind energy as it becomes available, some form of 
energy storage is needed. For many applications, long or 
even short periods of zero energy availability are unac- 
ceptable. 

There are two methods of energy storage commonly 
associated with windpower. The first, and perhaps the 
Simplest method, is used when water supply is one of the 
energy users. In this case a water storage tank can be 
provided above ground level such that the water level in 
the tank will increase when supply is greater than demand 
and decrease when demand is greater than supply and thus 
water availability is greatly improved. This method pro- 
vides a buffer between supply and demand which can, if pro- 
perly designed, provide a reliable supply of water from 
the rather unreliable energy of the wind. 

The second method requires that the kinetic ener- 
gy of the wind be converted to direct-current electrical 
energy which can then be stored in batteries. This method, 
unlike the first, results in a considerable energy “loss” 
Of about 15%, associated with battery ineftficiency. 

A more versatile system, which has water supply 
as one of its functions, can use both of the above methods 
simultaneously but the cost of such a system is often not 
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4. WINDPOWER PLANT DESIGN 


4.1 DESIGN CONSIDERATIONS FOR LESS-DEVELOPED COUNTRIES 


fo...) SConomuc Inputs 

In order that the benefits of windpower be made 
available to the greatest number of people, windpower 
plants must be within the budgets of many small farmers 
in less-developed agriculture.* Thus, in the desion of 
a windpower plant for these areas, low capital and main- 
tenance costs must be a priority. As capital and mainten- 
ance costs increase rapidly with windpower plant size, 
economic restraints dictate that the plant must be small 
if it is to be purchased and maintained by individual far- 
mers or small co-operatives. Capital costs may be reduced 
considerably if maximum use of less~expensive, mass- 
produced, already-available components can be made. 

The economic "trade-off" between capital and 


maintenance costs is difficult to analyse at this point. 


*Of course the greater majority of farmers in less- 
developed countries could not afford even the most minimal capital 
expense but there are those who can--either using their own resources 
or through bank credit--and it is these farmers that will be the 
Ditet to ,oener. t., 
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The use of more expensive equipment having lower mainten- 
ance requirements may be more economic in the long run, 
but this will require lonq-range prototype testina. Thus, 
in this design, the high priority given economics was 
initially translated to mean the reduction of capital 
costs to a minimum. The physical testing of the proto- 
type resulting from this design will better determine what 
maintenance is required and at that point design improve- 
ments to reduce maintenance costs mav be more reasonably 
introduced. 

The synthesis of hoth capital and maintenance 
costs will result in a cost per unit of energy figure (as 
described in Section 2.4.3) which will ultimately determine 
the economic feasibility of such small-scale windpower use 


in less-developed countries. 


4.1.2 Manpower Inputs 

In less-developed countries, trained, capable 
Manpower is scarce and the introduction of innovations 
requiring considerable expertise for their installation 
and maintenance cannot be successful without placing fur- 
ther Strain on that country’s human resources, “If an in- 
novation can be introduced using only readily available 
unskilled or semi-skilled labor, then it has a much better 
Chance. for survival. 

Ideally, a windpower plant designed for use in 


less-developed agriculture should be easily installed by 
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local people and require only minimal maintenance bv 
skilled personnel. If routine maintenance can be carried 
out by the people who use the plant, then it is quite 
feasible that the plant may overate for long periods with- 
Out the need for any skilled labor input. Thus, the de- 
Sign of the prototype is such as to minimize skilled 
Manpower requirements so that local people may be used for 


both installation and routine maintenance. 


Ao LeCchnOLogyinpuecs 

Design of the prototype windpower plant will be 
carried out using the principles of appropriate technology 
(as discussed in Section 2.3). Thus, an attempt will be 
made to use technology which has already been at least 
Dantially antrodiuced anto the country... In this way, Lt 
is hoped that the technical support needed for such wind- 
power plants to overate successfully for long periods, 


can come from within the country rather than without. 


4.1.4 Output Requirements 

Ultimately, the success or failure of a wind- 
power plant depends on its ability to perform the tasks for 
Wiwiched twas, desiqnea. “in this instance, aficordable 
energy in sufficient quantities to meet demand is the 
primary output requirement. To attain this goal a high 
overall plant fficiency will do much “to wtilize more of 
the wind's energy. In addition, a windpower plant designed 


for use in less-developed countries should be able to pro- 
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48 
vide power which can be used for more than one purpose. 
One installation should have the potential to pump water, 
mill grain and power other agricultural appliances. Thus 
the prototype design will attempt to maximize both plant 


efficiency and versatility to meet these needs. 
4.2 WIND-ELECTRIC PLANT CONSIDERATIONS 


4.2.1 The Wind-Electric System 
The wind-electric system consists of a head, 

a support, wiring, storage battery(s) and a control panel. 
The head is made up of a windwheel driving a direct-current 
generator mounted on one end of a freely-rotating horizon- 
tal cross-member which is kept parallel to the wind by a 
rudder mounted on the opposite end. The head is mounted 
atop a support structure, and electrical enerqy generated 
is transmitted to the control panel by wire. In order that 
electrical energy may be stored, a storage battery is lo- 
cated at the base of the support and connected electrically 
to the control panel. The control panel contains instru- 
mentation to measure current and voltage as well as a volt- 
age ana current regulator, to protect electricals components 
(see Figure 2 for general layout of a simple wind-electric 
system). Note that the wind-electric plant is being sug- 
gested here as more suitable than the wind-mechanical plant 


for reasons stated in sections 3.3.2 and 4.1.4. 


Ae? Utilizing Automotive-Blectric: Parts 


When the concept of wind-electric power was 
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introduced to the farmers of the developed world, the 

more ingenious would often build their own wind-electric 
set from 6-volt automobile electrical parts instead of 
buying the more expensive factory-made type. The major 
difficulty with this was that the direct-current genera- 
tors used in automobiles at that time were inefficient and 
required considerable maintenance for continuous operation. 
Now, automobile generators are far more efficient and re- 
quire little maintenance, and it is reasonable to assume 
that if the idea of producing power from the wind using 
automobile parts was introduced to the more ingenious farm- 
ers of less-developed countries, thev, too, could put this 
idea to good use. If there is sufficient wind, evena 
small plant has the capacity to pump water, provide elec- 
tric light and power small agricultural appliances. 

Using automobile electrical parts for windpower 
utilization has all the advantages discussed in Section 
3.3.2 but avoids the disadvantage of requiring a highly 
specialized technology which may not be readily available. 
The expertise required for the maintenance and repair of 
automobile electrical systems is already available in less- 
developed countries and spare parts may be obtained from 
existing automobile spare part depots. This eliminates 
the need for elaborate training programs and special ser- 
vice centers that would most definitely be needed if spe- 
Ccialized windpower equipment were to be used. By building 


a windpower plant using parts from the automobile electri- 
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Gal system, not only is the cost of the installation re- 
duced but also its versatility is increased. All automo- 
bile components compatible with the 12 volt electrical 
system become readily available for use in such a system. 
Lights of various sizes, electric motors and car radios 
may be obtained and put to uSe. 

It 1S recognized that a small, low-voltage sys- 
tem will only be useful for small loads, but its introduc- 
tion will allow rural families to enjoy some of the bene- 
fits of electric power and will offer numerous opportuni- 


ties for innovation. 


4.3 PROTOTYPE DESIGN 


4.3.1 Generator Specification* 

At present, almost all automobiles and trucks 
are equipped with a 12 volt, direct-current generator of 
the synchronousS-wound, diode-rectified tyve, commonly 
called the alternator. This relatively new design has 
several advantages over the shunt-wound, direct-current 
generator that was prevalent before 1967. These include: 

a) Higher efficiency. The alternator system requires 
only about 24 watts of energy to power its electric field 
while the generator system recouires 60 watts or more. 

b) Lower speed operation. The alternator system 


produces useful energy at 800 revolutions per minute where- 


*See Figures 3, 4 and 5 for bench test data on alternators 
and generators. 
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as the generator system must be driven at 1300 revolutions 
per minute before its energy production equals its consump- 
tione 

c) Greater power capacity. The alternator system 
can produce up to 630 watts of power (at 4000 rpm) while 
the equivalent generator can produce onlv 270 watts maxi- 
mumevat 2500 rpm) < 

d) Greater overspeed capability. The alternator 
can be run safely at 10,000 rpm but the generator is li- 
mited to 5000 rpm operation. 

d) Less weight and volume. The alternator weighs 
only S3Kkgs. anc as only l4 em, Vong and about 16 cm: ? an 
diameter. The generator weighs 10 Kgs. and is 30 cm. long 
and "about 15 em. an diameter. 

f) Less maintenance required. The alternator uses 
slip rings in place of the split commutator used in genera- 
tors. As the commutator causes rapid brush wear, genera- 
tors require frequent cleaning, inspection and maintenance. 

For the above reasons it iS suggested that the 
alternator, which is now readily available throughout the 
world, would be a much better source of electric power than 
the D.C. generator, and thus the alternator was used in 


the construction of the windpower prototype. 


4.3.2 Windwheel Design 
As mentioned previously in Section 3.2.3, the 
type of windwheel specified for a particular application 


depends largely on what rotational speed is required. In 
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this case it is desirable (in order to eliminate the need 
for a speed reduction system) for the windwheel to direct- 
drive the alternator. At rotational speeds of at least 
1000 rpm a propeller type windwheel is needed. 

As the propeller should be easily constructed 
and balanced, a simple two-bladed propeller (which has the 
added advantage of lighter weight) was specified.* The 
major limitation on the use of the two-bladed propeller is 
that diameters of 3 metres and greater have a tendency to 
vibrate excessively and for these cases a three-bladed 
propeller is usually recommended. As this windwheel was 
to be of much smaller size, a two-bladed propeller was not 
expected to have serious vibration problems. 

Although metal propellers (usually made from 
aluminum alloys) may be stronger, lighter and have a long- 
er Jite, their high initial cost and the fact that “they 
could most likely not be produced economically in a devel- 
oping country, make them unsuitable for this application. 
It is more appropriate to make the propeller of wood which 
is available in most areas and can be fashioned by local 
craftsmen. Both hard or soft woods can be used, and pro- 
tection from the elements afforded by the use of common 
linseed oil. For this research, carefully selected eastern 


birch was used for the prototype propeller. 


*See Figure 6 for efficiency data for different blade con- 


figurations. 
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Propeller diameter determines power output for 
a given wind speed, and for the design condition of 1000 
rpm from a 6 metre per second wind*. At this speed, a 
power output from the alternator would be about 105 watts 
(hrom Pagure5). If an alternator efficiency ‘of 70% is 
assumed, the energy input to the alternator ‘must (be 105/ 
Jew Por Ls0 watts... From Eavataon (M);.Section 3211, and 
by assuming a eS value of 0.7, the required propeller dia- 


meter may be calculated: 


Bice eo Wl Oe ICDs a Pee ee ee a LBD 
e p 
where: Pe = the windwheel power output 
= 0.150 kw 
oe = the power coefficient 


= 0.7 for propellers 
D = the windwheel diameter (metres) 


S = the windspeed 
= 6.0 metres per second. 


SOlveng fOr D in Equation (iM): 


J Pe : 0.150 iis) 
Dae TG ox Lease! = ae oO Sere eS 


= 1.9 metres 


*This design figure is chosen from wind speed availability 
data and alternator rotational speed requirement. 
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As the area of the propeller near its center is not used 
for power production, a propeller of 2.00 metre diameter 
was specified. 

ithe patch. of the. propeller blade,, thatis, the 
angle between the blade surface facing the wind and the 
perpendicular to the wind direction, determines propeller 
characteristics. For a given wind speed, propeller torque 
increases and rotational speed decreases with increasing 
pitch and vice versa. However, in order that wind slip 
be kept constant along the blade length, pitch must de- 
Crease. erom blade Toot tovtip. "AG a point 50cm. trom the 
propeller axis, the blade moves 27 x 50 cm. or 3.14 metres 
each revolution. If the propeller rotates at 1000 rpm, 
then this point must move 3140 metres per minute or 52.3 
metres per second. As the propeller is to rotate at 1000 
rpm in a 6 metre per second wind, assuming a 39% slip of 
the blade with respect to the wind, the pitch ratio, Bey 


Wier o? 219 72(.0° 0) Otello Send aoe Lae DiECh ang key. ee 


equals the cotangent inverse of the pitch ratio, @59 = 4.5%. 
Similarly, at the blade tip, PG = 279) ane: Py gy. = 220 = 
At the blade root, Pate = 2s end Opg = 220. 


According to Juul (27), the shape of the blade 
tip can greatly affect propeller efficiency (see Figure 


7). The most efficient design is semicircular tips with 


*The pitch ratio, Poe is defined as the cotangent of the 
pitch angle. 
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the downwind blade surface bevelled to a sharp point. In 
addition, extensive experimentation by J. Juul indicates 
that the most efficient propeller blade shape (profile) 
is as illustrated in Figure 8. Another advantage of this 
profile is that it can be approximated by four straight 
lines (as illustrated in Figure 9) greatly simplifying pro- 
peller construction. These design improvements were used 
in the construction of the prototype propeller. 

In order that the propeller be fixed directly to 
the alternator, it was drilled as shown in Figures 10 and 


a. 


4.3.3 Head Design 

The "head" of the wind-electric plant includes 
the windwheel mounted on the generator, the vane and the 
crossmemeber to which all these components are attached. 
The entire assembly is designed to rotate in a horizontal 
plane in response to the wind direction, such that the 
plane in which the windwheel (propeller) rotates is always 
kept perpendicular to the wind. In order that the wind- 
wheel be mounted on the alternator as simply as possible, 
the propeller was bolted directly to the alternator pulley 
assembly as shown in Figures 12 and 13. A bracket with 
which to fix the alternator to the crossmember can be easi- 
Ivaconstructed from pipe fittings, and, short lengths of 
steel water pipe, using the mounting lugs of the alternator 


as shown in Figure 12. 


The most common and perhaps the simplest method 


4 ; > vv" 
i 1 rm) 7? 
‘ae coe 
RY RNa vid peg eai 


fob) Way = 


74 

ae an fl 7 

Ge Se TH 4 en nay nes o 7 
1? ee ee Be 5 amine SiGe “eat 

be tett) 25 - erates g TL na! oh bint = F. 


Vy mh | 
hetad) kG tise ee i tab ai bat fof 


i nor Pim eae. AL st 
“eyy Wiha si gait Spey ht eau pL! ae anaes Si To wo) 
i " i ai va) ae rer - : 
fd sete yet) SE Be cet: “fem , 


7 


Fas rvied Gatti deli ‘oe 


' 48 q H - STW oT al i > I —teu SA : eau aha > 36 = | wid 


" _ = 
bine. f re eee ee Me he | 
ry ; I Fe SE ew fly rea Le be mod nedivba 
bk OP ie o ‘ed seis 


r iw 1 
i fe ' 5 
i 2 A = 
1) y 2Qae 4 
: I | _ 
(2 2 lea “9 Al rg 74 i a ~~ He ad io ot 20 wil be! + 
’ _ in 


) a a re ne suntidh as SABVAG Le ae) | 
“<S2 28 ae) oe sedaniisea'ls, sian & 
| 7 —-_ Vs 
: i - ) (AD 
wo Ae i ne eat fri é 
1 . 7 _ : 


dnaag 14 f 
. 


<n 


4 
ie fh 


56 
of "steering" the head is to attach a vane to the cross- 
member at the end opposite the alternator assembly in such 
a Manner as to balance the head on the vertical tower 
axis. The sensitivity of the head to wind direction de- 
pends on the area of the vane and its moment arm measured 
from its axis of rotation. For a two-metre propeller 
mounted within thirty centimetres of the head axis of ro- 
tation, a vane surface area of about 1200 cm.2 and a mo- 
ment arm of about one metre is adequate (24). The vane was 
attached to the crossmember by cutting a vertical slot in 
the crossmember and bolting the vane in place (see Figures 
14 and 15). Note that the vane was streamlined to reduce 
turbulence and was made of galvanized sheet stiff enough 
to avoid non-elastic deformation by the wind. For this 
reason 16 gauge material was specified. 

In order that the head be allowed to rotate free- 
ly in a horizontal plane about the vertical tower axis, 
a number of methods can be employed. The simplest accep- 
tablevmethod is tovuse a steel pipe, "TT" ee1tting ‘as. the 
bearing surface on the pipe circle of the uppermost tower 
Section. For support, the "T" fitting was screwed onto a 
ifengtheof pipe Of Sufficient diameter so as’ to fre secure— 
ly inside the uppermost tower section to serve as the head 
Assembly axle as wllustraced an Sigure 14. )in’ this in- 
stance the construction of head structural members was car- 
ried out using common 3/4 inch steel water pipe and fit- 


tings. 
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4.3.4 Tower Design 

Ideally the tower should be designed to: 

a) support the head and not be damaged by high winds; 

b) utilize materials available in less-developed 
countries and require little expertise to assemble; 

c) allow for maintenance of head components without 
requiring that the tower be ascended; 

d) be relatively inexpensive to purchase and main- 
tains 

e) be high enough to avoid ground interference with 
the wind; and 

£) be sectional for ease of portability. 

The most common type of tower for use with 
small-scale windpower plants is the rigid frame, but it 
has one disadvantage in that the tower must be ascended 
each time the head assembly requires inspection or main- 
tenance. One alternative is to design the tower such that 
it can be rotated about a pivot near ground level and thus 
be brought within easy reach. This design also has the ad- 
vantage that the entire tower may be lowered in the event 
of an impending violent storm and thus be protected from 
destruction. In order that the tower may be raised or 
lowered easily by one man, a counterweight may be used. 

The design height of the tower depends largely 
on how the wind is affected by nearness to the ground and 
to other possible interferences such as trees and build- 


ings. For this application a 10.0 metre design height 
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was specified. 

The tower itself was constructed entirely of 
common sizes of steel water piping and used screwed con- 
nectors and flanges for ease of assembly. Five sections 
of 1.80 metre length were used for the erect portion of 
the tower and one additional 1.80 metre length used to 
support the counterweight. A "rest" to support the tower 
in the lowered position was attached to the main tower and 
one additional support was used for wind-sensing instru- 
mentation. A design wind speed maximum of 20 metres per 
second (45 mph) was assumed. 

The horizontal force exerted against the wind- 


wheel during a 20 metre per second wind can be calculated 


from: 
Tne oes Cal ail eeepc te nee eens Sek eae) 
Subs Petweing, 
vgecetemee 2 o7 (ery co Ne. 28 Ye I a lla een YA 
Vea KE Oe en eer Some 7 wep 


When V is 20 metres/second, 


*See (11). 


**See Figure 16 for a plot of this function. 
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T = 320 newtons 
where: T = thrust force in newtons 
r = propeller radius 


= 1.00 metre 


f = density of air 
= 1.20 Kilograms/metre? 


V = windspeed 
= 20 metres/second 


a = anterfterence factor* 
=r Os 


As the tower was designed for a maximum wind 
speed of 20 metres/second, pipe sizes to be used to make 
up the tower could be specified. Stress analysis of the 
tower wasS carried out in tabular form (see Figure 17) 
and the resulting tower illustrated in Figure 19. From 
stress analysis it is clear that stresses would not exceed 
the41,500 newton/cm.- tensile strength limit of steel 
pipe and thus tower failure should not occur at wind 
speeds less than 20 metres/second.** 

In order to reduce the probability Of raising or 
lowering the tower accidently, it is desirable that the 
tower be stable in both the vertical and horizontal posi- 
tions (when allowed to rotate freely about the upper pi- 
vot). This demands that the counterweight (which is to 


help resist the moment caused by the weight of the tower 


*qa = 0.12 when the propeller efficiency is about 40% (11). 


*kSee reference (21) for steel strength data. 
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when in its lowered position) as illustrated in Figures 29 
and 21, must be carefully specified. Calculation of a 
Suitable weight was carried out in tabular form in Figure 
22. The counterweight itself, which consists of a solid 
block of concrete cast about a 3.5 inch nominal diameter 
pipe (section, is allustrated an Fagqures 23 and 24. “Note 
that the moment applied to the tower when in its vertical 
position may be adjusted by securing the counterweight 
at any one of a number of positions along the lenoth of 
the counterweight arm. 

The fork (which was made up of two lengths of 
2.5 inch nominal diameter pipe, flanged and bolted to a 
larger pipe flange) allows the tower to be raised and 
lowered by rotating the tower about a pin fitted through 
the fork at its upper end (see Figure 25). When the tower is 
erected, with the lower lock pin secured, the fork must be 
able to support the tower in a 20 metre/second wind. As 
with the tower design, the thrust force on the propeller, 
Ty) wail sebe 320: newtons.. At qround level, this torce will 
cause a moment of (320 newtons) (10 metres) or 3200 N-m. 
The resulting maximum stress on each of the two fork pipes 


will be Ser and, 


(3200) (9.036) 
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= 12.1 x 10’ N/m2 


Se = 27 L00eN/em. = 


where: M = the maximum bending moment 
0) 
= 32090 N-m* 
2 
Se = radius of qyration 


= 0.086 m. (from Fagure 17) 
I = moment of inertia 


=a Nel 76. xe 0s ametres 
(from Figure 17) 


As the allowable stress is 41,590 N/cm.2, a fork 
Support made from 2.5 inch nominal diameter pipe is ade- 
quate. 

In order that the entire tower may be rotated on 
its base, the pipe flange, to which the fork support 
flanges are bolted, works as a turntable. The ability to 
rotate the tower in this manner is often useful as the 
wind can then be used to assist in the lowering or raising 
of the tower. A sleeve within which the turntable axle 
rotates and the bearing surface on which the turntable 
turns is illustrated in Figure 25. 

The tower footing consists of a 1.8 metre length 
of 4 inch pipe, one end of which has been threaded and 


Screwed into a standard 4 inch cast iron flange, (This 


*Fach fork member supports half the load. 
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flange serves as the bearing surface for the turntable 
flange about and was specified as cast iron instead of 
steel as cast iron is a better bearing material.) The 
footing was installed simply bv boring a suitable size 
hole in the ground and tamping the pipe securely in place 
as is done with fenceposts. The turntable assembly was 
then inserted into the footing pipe as shown in Figure 25. 

Again the overturnina moment must be considered. 
Assuming the footing rotates about a point at the bottom 
of the footing on failure of the soil (the worst possible 
condition), the overturning moment, M, would be the product 
of the thrust force, T, and the moment arm, H. Where h = 
10.0 + 1.8 = 11.8 metres and T is 320 newtons. Assuming 
the resulting compression force on the soil, Bae acts ata 
point half way up the footing, 

320N (11. 8m) 


Fo =: 0. om = 4200 newtons. 


The projected area of the footing, Ag, aes teat RY 


Chime aleO cm. Or 2060 cm. 
Therefore, the soil compression stress, Sor = 


4200 N é 
=a = . N . 7 
FEV SNe Cece 


As soil compression strength is commonly in the order of 
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14 N/em.*,* this footing will be secure in a 20 metre / 


second wind. 


4.3.5 Electrical System Design** 

The electrical system (as discussed previously 
in section 4.2.2) utilizes automotive electrical parts for 
its construction to perform the following tasks: 

a) control alternator output; 

b) prevent possible high-current damage to system; 

c) indicate alternator output; 

d) provide electrical energy storage for use during 
calms; 

e) prevent complete draining of stored eneray: and 

f) automatically disconnect field current when wind 
is not sufficient to produce a new power output. 

The alternator current and voltage output was 
controlled in the same manner as in the automotive elec- 
trical system. The voltage regulator used for this pur- 
pose was mounted inside a control box fixed to the tower 
LOLmesuppOct. 

Shorting Of a, bettery or alternator circuit could 
cause considerable damage. To insure that such an acci- 


dent does not occur, fuses were used to limit current in 


he et a 


*Most soils have an allowable compression rating of about 
3000 1lbs/ft.2 which is equivalent to 14.14 N/cm.?. 


**Note that generator specification was carried out se- 
parately in Section 4.3.1. 
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each of these circuits. 


in order that the output of the plant could be 
monitored, automotive type gauges (one 0 to 15 volt volt- 
meter and one -60 to +60 ampere ammeter) were mounted on 
phe control box. 

Storage of electrical energy was made possible 
via two 12 volt, 115 amp-hr automotive batteries. Each 
battery was kept inside a metal storage box set on the 
ground near the base of the tower and connected to the 
control box via flexible cables. 

Complete draining of the energy stored in the 
batteries is prevented by connecting one battery to the 
circuit through diodes taken from an old discarded alter- 
nator. These diodes are connected such that current is 
allowed. to fElow,.to the battery from the charging circuLt 
but is not allowed to flow to the external load. This 
battery is thus reserved to supply energy to the alternator 
field only. Draining of this "field battery” is prevented 
by a wind-operated switch mounted near the vane at the 
foo oF the tower such that the alternator f1eld as ecner= 
gized only when there is sufficient wind for net energy 
PLOGUCE LON. 

In the prototype, transmission wires from the 
alternator to the control box at ground level pass through 
the center of the tower. Flexible wires with considerable 


slack are used such that rotation of the head gaol ag as as ee 
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cause twisting sufficient to break the wires.* Under 
normal conditions wind direction seldom changes in such a 
Manner as to rotate the head a full 360° but as a precau- 
tion it is advisable to prevent the head from rotating 
more than about ten revolutions in either direction. This 
can be done by simply attaching one end of an appropriate 
length of rope to the alternator support bracket and the 
other end to the upper tower section such that the rope 
becomes taut and prevents further head rotation beyond the 
rem evolution limit.) If this fimub ie ever reached, the 
tower can be lowered and the head turned back again to 


the untwisted position. ** 


*This idea is taken from reference (24). 


**Hourly wind data from the Ellerslie Weather Station near 
the site indicates that during a 25 day period, the change in wind 
direction was such as to cause 4 clockwise and 1 anti-clockwise ro- 
tation of the head. This means a net twist of only 3 revolutions in 
25 days. A 25 day period was chosen randomly for this consideration 
and data from September, 1972 was used. 
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5. EXPERIMENTAL PROCEDURE AND RESULTS 


5.1 CONSTRUCTION 


Dy sere nOOSi ng eae Gite 

The prototype, as described in Section 4.3, 
was assembled for testing at the Universitv of Alberta 
Ellerslie Farm. A site was chosen in an alfalfa field 
completely devoid of trees or other obstructions to the 
wind. Windward of the plant there were no obstructions to 
the wind for more than a kilometre and the terrain within 
200 metres of the site was very flat. 

As soil strength is important in supporting the 
tower footing, a soil test hole was bored to a depth of 
two metres. The top 60 centimetres of soil at the site 
was found to be a heavy clay loam. The soil from this 
depth to the two-metre mark was found to be primarily a 
heavy clay which is ideal for supporting the tower footing. 


(SeerSectlon. 4.0.4 for detailsvoLl footing.) 


hale Tower Construction 
A vertical hole was hand-bored to a depth of 
about 1.8 metres at the site chosen and the pipe footing 
set in. This pipe was then firmly tamped in place with 


its threaded end just above ground level and the footing 
6h. 
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bearing flange screwed tightly in place. The tower axle 
complete with turntable flange was then inserted into the 
pipe footing and lowered into position. Next the fork sup- 
port flanges were bolted securely to the turntable flange 
and the tower forks screwed into the fork support flanges 
such that the holes drilled for the tower lock pins were 
aligned.* 

The main tower was assembled on the ground and 
the two insulated electric cables threaded through the 
tower by means of a long piece of tubing. The bottom of 
the tower was then fixed to the tower forks via the lower 
tower fork pin anc the tower rest attached to support the 
top of the tower off the ground. USing a rope, the tower 
was then erected by rotating it about the lower tower lock 
pin until it was vertical and the holes through the upper 
end of the forks aligned with the hole in the tower. The 
tower pivot pin was then inserted to lock the tower in its 
upright position. The counterweight arm was screwed into 
position and the counterweight slid onto the arm and fixed 
into position by the counterweight lock pin (as shown in 
Figure 23). Then the tower lock pin was removed and the 
tower lowered by rope to its horizontal position as shown 
in Figure 24. In this position the head assembly was fixed 


to the upper tower section as shown in Figure 15 and the 


*This operation is illustrated in Figure 25. 
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instrument support screwed in place. 


5.1.3 Electrical System Assembly 

With the tower still in the horizontal position, 
the two transmission wires were connected through suitable 
fuses and the wind switch to the alternator terminals. In 
addition, the alternator was grounded by wire to the tower 
head assembly frame. 

The control box was assembled in the shop. It 
contains the voltage regulator, control switches, diode 
assembly and instruments required to control and monitor 
plant operations (see Figure 27 for details). A set of 
terminals at the bottom of the box facilitates external 
connections and the control box itself is grounded to the 
tower. The control box is fixed securely to one of the 
tower fork supports. 

A simple wind sensitive switch was constructed 
using a common spring return toggle switch and a small 
piece of galvanized sheeting. Its function is to open the 
circuit between the field of the alternator and the field 
battery during calms so that the alternator field is not 
energized when the wind is not sufficient to produce net 
power. The switch is mounted to the upper edge of the vane 
and the galvanized sheet is fixed to the toggle such that 
it is perpendicular to the vane and pressure on the wind- 
ward side will close the switch. The area and shape of 
this sheet, required to keep the switch open until wind 


speed became sufficient to produce net power, was deter- 
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mined by trial and error.* 
The storage batteries were placed near the tower 
base and all suitable connections between the control box, 
transmission lines, batteries and the external load were 


made.** “Details are shown in Figure 26. 


5.1.4 Propeller construction 

The first propeller was made from a solid piece 
of white pine measuring 2 metres long, 10 centimetres wide 
and 4 centimetres thick. The propeller hub was formed by 
Cutting Out a circular plece from its Center Sufficient so 
that the propeller fits over the alternator pulley and flat 
against the alternator cooling fan as shown in Figure 12. 
The propeller hub was then completed by drilling four holes 
(as shown in Figure 11) so that the propeller is bolted se- 
curely to the alternator. The exact center of rotation of 
the propeller was found by mounting and rotating the pro- 
peller. 

To ensure accurate carving of the propeller, lines 
tangent to the circle of rotation are drawn on all faces 
at 10 centimetre intervals measured from the center. As 


the aerodynamic profile of the blade is well approximated 


*With the automotive toggle switch used, a sheet 15 cm. 
x 9 cm. with the longer side mounted vertically was sufficient. 


**For use in tropical countries it is suggested that the 
batteries be installed in a pit at the base of the tower. This will 
reduce battery temperature which will do much to increase battery 
acer 
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70 
byea series.or four straight; lines (see Figure 9), the in- 
tersection of these straight lines can be marked out. 

The propeller is then carved by fixing it securely in a 
bench vise and using a draw knife and block plane to remove 
excess wood. The transition points between successive 
straight lines approximating the blade profile were 
smoothed out uSing coarse grit sandpaper. 

The blade tips were cut to circular shape and 
tapered on the back side as discussed in Section 4.3.2. 
The propeller was then placed on a knife edge at its 
center and balanced statically by removing wood with coarse 
grit sandpaper from the heavier side. Once balanced, all 
surfaces were sanded smooth with medium grit sandpaper and 
then polished with fine grit sandpaper. The vropeller was 
then weather-proofed by coating liberally with boiled lin- 


seed oil and removing the excess with a dry cloth. 
5.2. LESTING AND EVALUATION 


5,2. . -instrumentation 
In order that. the power output of the alternator 

could be measured directly during testing, a portable 
direct current power meter was used. A variable resistance 
load cell was used to simulate the effect of an external 
load on the system. To complement the voltmeter built into 
the control box, a hand-held voltmeter with a more sensi- 
tive scale was also used during testing. 


As wind speed varies greatly over even very short 
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time intervals, it was decided to use a run-of-the-wind 
meter (which measures the distance the wind moves ) in 
conjunction with a stop watch to measure average wind 
speed. This arrangement has the advantage that average 
wind speed could then be measured over any convenient 
time period. The windmeter was mounted parallel to the 
plane of propeller rotation at the top of the tower and out 
of the way of wind effects produced by the rotation of the 
propeller. Starting and stopping the meter was accomp- 
lished by a nylon control line run to ground level. 
Propeller rotation speed was measured by a 
stroboscope both in the laboratory and in the field. In 
the field it was necessary to use a portable generator to 
power the stroboscope and to do testing only when it was 


sufficiently dark.* 


we2.e one Support system 
The support system was evaluated on the basis 
of the design criteria stated in Section 4.3.4. The 
tower supported the head in winds up to 14 metres per se- 
cond but there was considerable deflection of the upper 
tower sections at this wind speed. 
The tower was eaSily raised and lowered by one 


man even during high winds and the counterweight system 


*Rapid changes in propeller speed in the field made its 
measurement with the stroboscope impossible. As a result all pro- 
peller speed measurements had to be done in the laboratory. 


7 71 a cM : 
Ane * 7 ; ‘ 
as a | 
yy coe 
Lota iets esa © 0h. ont i 
oy us a: iy ‘alithde: fei welt eum were | 
‘ : ; i 
| bihiw ows: oe vee ee fone 
i 
Baie See few atthe mets ts ms 
wind. ence View Yavin Le if ah, putt a Fimrmepie- & 
eck mh lehierss Sahadaet eae epgam sabe Gotieg'¢ 


ane hte eee ae] AOA Vi SH OM 4 gor) adi Peqeig:3¢ sel 
Gil 26 rel ba ie itd WD SB ott as Fi ‘Ste Beige an al my oa 
| | ‘ 


ee Se his? AUN ay ree Gerry eo Rs a ty pee © aueta a 


ie 
i 
‘es 


ie oD Var (actos Subir Weert ee ee 


~ 


La Gale CODD Iya coll eyo 
wi cae Pi} 5 te eed i font eA Ye rating oe 
at OG wa = | | (ry 1% yews ssw 4% bint ola 


¢ ia) 
> i 


| 
hone thiigeag@: Oe Rk. 2. ee 


anyicdt, (im YL) Onan "OR as: 28 uqaardgr te ons i 
: act, givceiele 


ai65d old! ae = ot Pe Hom uy peta Me) ae ttt 
iS 20 ae) soe or eee iet izpeaipinel edg 

‘ea et ent |! aw ald at ‘bow ant Sema: 
’ nae rie Toy set j igeaepe Shi duties aust’ 


af re is 


it Maae 


fe 


proved most Satisfactory. Although the tower was a full 
10 metres in height the wind did not prove to be in the 
least constant. It was not ascertained how much of this 
variation was due to interference from the ground and how 
much was due to the nature of the wind itself. 

The footing for the tower remained secure 
throughout the test period and the ability to rotate the 
tower freely on the turntable assembly proved most use- 
ful 

After completion of evaluation and testing it 
was decided to subject the prototype windpower plant to 
extreme wind speeds to note any plant defects that became 
apparent under storm conditions. The plant was set up dur- 
ing high winds of about 15 metres per second gusting to 
20 metres per second.* Extreme deflection of the top 
section occurred. As the propeller came up to speed, 
tower deflection increased until the upper section sheared 
off at section d--d (see Figure 19) 6 metres from ground 
level.** The propeller was completely destroyed on con- 


Eachwitch the ground, 


*These wind speed values were measured by nearby weather 
stations, not by wind instrumentation mounted on the tower. 


*kPailure of the tower occurred at the weakest section as 
expected from the stress analysis of the tower carried out in Fi- 
gure 17. 
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».2.3° ‘The Electrical System 

The performance of both the alternator used in 
the prototype and a comparable D.C. generator was investi- 
gated under controlled conditions at the Northern Alberta 
Institute of Technology in Edmonton (see Figures 3 and 4). 
Regulator controlled voltage and current output was mea- 
sured at 250 rpm intervals from 0 to 5,000 rpm. Aside 
from the better performance of the alternator compared to 
that of the D.C. generator (see Figure 5) dt as important 
to note that an alternator rotational speed of at least 
1,000 rpm is required to produce useful power. 

The electrical control and monitor system worked 
well throughout the test period but operation for many 
more hours would be required before the dependability or 


life of this sytem could be adequately cetermined. 


5.2.4 The Propeller 

In order to check propellers for dynamic balance 
in the laboratory, a D.C. motor powered by 12 volt batter- 
ies was mounted securely to a large concrete structural 
column. This provided for testing of propellers at speeds 
in excess of 1,000 rpm and gave some indication of their 
pertormance in the field. ‘The first propeller was con 
structed from a single piece of white pine and proved to 
be stable only at speeds less than 909 rpm. At about 
920 rpm this propeller vibrated excessively and further 
power to the driving motor only resulted in more violent 


vibration with no increase in rotational speed. All at- 


i ; 4.44 ' . io ro } vay ne od rae here 
a he i a 
ue) @ ee) naomi Lagaimaros? | **: 2 
| : ey. PP 
ee A” ba be & Ein ’ ASC 21D bs a 
nf iA } fi ek ae areal OPA. peg’ te Ske! € 
. va hee 
‘ic d : Re oe Fey " err tt) wis 
i : 
; cp error wate Rie ae aS ‘fhe waa te +a 


orn ie ye a) 
7 Se Mple jar urea? ms ms tert wi SA Oe 
,- ' : oa — 


WAT, “ton Bah wih La Daas, 


B45 ve iain 4 DRY AG Niiegagr te ee . a 
Leised: SU bene _ 


j ZI 
i ti 
z 
d ae tae 4 Le 
i » \s ‘ au 
Th j ve } L? 


peer Te aay Rud) Osi law , dius 
| 
a | Hy * ‘at nial (OP & 
7% iv Apes, ‘mi nea 4 ip a fis 
_ % 
|, debi suit geht ete 
7 . coal aa x, ~ . 


: ‘7 ’ : ol pa 


a 


74 


tempts to balance this propeller by fixina weights to the 
blades proved fruitless. The same vibration would alwavs 
occur at the same speed. This led to the conclusion that 
this vibration was not due to propeller imbalance but to 
flexing of the blades in the plane perpendicular to the 
plane of rotation. 

To test this hypothesis a second propeller was 
constructed, again of white pine, and similar to the first 
except that the blade was made much thicker near the hub 
to increase its stiffness. Subsequent testing revealed 
the same problem that had been experienced with the first 
propelier: This time vibration occurred at about 959 rom. 

Before further work was to be done, some means 
of discovering whether vibration was occurring in the 
plane mentioned, or by some other mode, had to be de- 
vised. To this end a device was built to greatly increase 
blade stiffness. 

A bracket was constructed to fit onto the pro- 
peller hub and to support a shaft which projected outward 
along the axis of propeller rotation. A £ine stainiess 
steel wire was then stretched from the tip of each blade 
to the tip of this shaft and tensioned such that blade 
stiffness would be greatly increased. This was done to the 
first propeller and when it was tested again, no vibration 
occurred even at the maximum motor speed of 1959 rpm. 

This led to the conclusion that greater propeller stiff- 


ness was required to eliminate vibration. 
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Stiffness could be increased in one of two ways. 
The first way would be to simply use the wire tension de- 
vice already available, but as this would add considerably 
to the complexity of the plant, this solution was rejected. 
The second way way was to build yet another propeller out 
of wood with a much greater stiffness than white pine. As 
most woods commonly available in the tropics are hardwoods 
anyway, this was the logical solution. 

A piece of eastern birch was fashioned into a 
third propeller. Subsequent testing of this propeller in 
the laboratory showed no vibration problem even at the 
maximum motor speed of 1050 rpm. This propeller was then 
mounted to the alternator in the field and field testing 


began. 


522.5 Power Production 

To measure power produced by the alternator, the 
power meter mentioned in Section 5.2.1 was connected to 
measure current flow from the alternator and voltage drop 
across the variable load cell. The load cell was set to 
giveua voltage drop of about 12 volts and one 12 volt bat— 
tery was connected to energize the alternator field. Aver- 
age wind speeds were measured using the windmeter and stop 
WatcGhacescribed 1h Section, 3.2.4. 

In measuring power production of the windpower 
plant in the field, two major difficulties were encoun- 
tered. The first problem was that wind speeds in the: Ea= 


monton area are not particularly high and therefore S01 t= 
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able wind speeds for testing were seldom available. The 
second problem is that during winds of sufficient speed, 
Speed variation was so great that, even over short periods, 
accurate wind speed averages were difficult to obtain. As 
the power output of the plant varies with the cube of the 
wind speed [see Equation (I)], greatly variable wind 

speed resulted in even greater variation in power out- 

put. For example: a doubling of wind speed would result 
in a power output increase of eight times. As a result, 

it was most difficult to match power output to a specific 
wind speed. The most accurate power vroduction figure was 
obtained during a relatively steady wind of about 11 metres 
per second. At this wind speed, 290 watts of power were 


produced. 


5.2.6 Economics of Small-Scale Windpower 
As discussed in Section 2.423, the economics o£ 
windpower are based on three factors: C, the capital cost 
per unit of power capacity; p, the percentage applied to 
the annual costs of interest, depreciation and maintenance; 
and E, the specific output. 
The capital cost of the prototype plant which has 


been designed, built and tested is as rfollows: 


Suppert system Cost 


Footing Materials pLA5.90 
Main Tower 69.00 
Counterweight Assembly 46.40 


SupLotaL s261.30 
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Power Production System Cost 


Head Assembly S22 200 
Electrical System LI 71200 
Subtotal $199.00 

Total Prototype Cost $460.30 


As only new materials were used for prototype 
construction,* this cost is considerably higher than would 
be expected if second-hand materials were used. It is 
interesting to note that the cost of the support system is 
considerably more than the cost of the power production 
system itself. 

The maximum power capacity of the plant is as- 
sumed to be about 500 watts.** Therefore C will equal 
$460.30/500W or $921 per Kw capacity. Percent annual 
charges, p, are assumed to be about 20% and the specific 
output, E, will usually be about 1,000 Kwh per Kw. The 


cost of energy, G, can then be calculated from: 


Q 
I 


(at) 5/2 (O:0 A Fis ies Secor cheese vale en ean ae ns marae S48) 


Il 


(20° x, 921)7 (00 = 1,000) 


$0.18 per Kwh 


*With the exception of the alternator which was bought re- 
conditioned. 


**At the design maximum wind speed of 20 m/sec., a result- 
ant propeller rotational speed of 2500 rpm would produce 500 watts of 
power (From Figure 5). This capacity is "assumed" as reliable test 
data at this wind speed was not obtained. 
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78 
Although a number of assumptions have been made 
inthis catcuLation, the result is indicative of the high 


cost of energy produced from the wind. 
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6. CONCLUSIONS AND RECOMMENDATIONS 


6.1 CONCLUSIONS 


The major conclusion of this thesis is that it 
is feasible to design, construct and operate small-scale 
windpower plants for use in rural areas using only materi- 
als and expertise already available in less-developed 
countries. However, the cost of energy thus produced from 
the wind will depend heavily on the local cost of required 
materials. High material cost may result in energy from 
the wind being very expensive by North American standards. 

In the rural areas of less-developed countries, 
petroleum fuels are expensive and hydropower is usually 
not yet available. It is here that windpower has its 
greatest potential. In a modern industrialized country, 
however, windpower will not be competitive with convention- 
al petroleum power until the cost of fuel is far greater 


han. it 1s today.* In addition ateis also quite, certain 


*The cost of energy produced by petroleum fueled engines 
is presently about $0.07 per Kwh compared to $0.02 per Kwh for hydro- 
electric energy compared to $0.18 per Kwh estimated for the proto- 
type windpower plant tested. It should be emphasized here that for 
many applications not only is the energy extracted from the wind ex- 
pensive but its dependence on the availability of sufficient wind 
speed limits its use. 
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that windpower will never compete successfully with hydro- 


power for reasons stated in Section 1.2.7. 


6.2 RECOMMENDATIONS 


6.2.1 Design Improvements 

From the design, construction and testing of the 
prototype much was learned concerning the practical appli- 
cations of windpower. From this experience a number of 
suggestions for further improvement of the prototype de- 
Sign may be made. 

In an attempt to reduce capital costs, the foot- 
ing design may be simplified considerably by eliminating 
the ability of the entire tower to be rotated about its 
Verticad axis... This, wild reduce whe footing cost by 
about $80.00. 

The test to destruction that was carried out in 
high winds indicated that shortening of the tower would 
be beneficial in reducing the bending moments, caused 
by wind thrust on the propeller, thus adding to the safety 
and life of the plant. By constructing a tower six metres 
im height, instead of ten, a further capital cost saving 
of about. $20.00 may be made. In addition, 1t 1s deemed un- 
wise to subject screwed connectors to bending unless con- 
siderable factors of safety can be afforded. Thus the 
elimination of all screwed connectors in the main tower 
is recommended such that the main tower will consist of 


a continuous pipe length. This will result in further 
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8] 
Savings fofeabout “$15.00. 

These improvements to the design of the proto- 
type will result in a simpler design and will reduce capi- 
tal cost Of one plant, by about 5115.00 to S345.30. This 
Saving will in turn reduce the expected cost of energy 
Erom the wind to about $0.14 ‘per Kwh. 

The counterweight system designed to allow for 
easy raiSing and lowering of the tower proved most satis- 
factory as did the electrical system. As the electrical 
system costs are mainly due to the cost of the batteries 
($96.00 for two), electric wire ($20.00) and the alter- 
naceor ($25.00), Significant reduction in the electrical 
System cost would be difficult. Other simplifications 
to reduce capital costs are possible but are not advised 


as design priorities would have to be compromised. 


6.2.2 Further Research 

It is suggested that windpower has potential 
aS a viable alternative power source for use in less- 
developed agriculture and could do much to further the 
development of the agricultural sector. To this end it 
is suggested that further research is warranted. Such 
research would be most useful if it were carried out in 
selected areas of the less-developed world with emphasis 
on using local materials and labor.* Both wind-electric 


in 


*Similar to the work carried out by the Brace Institute in 
Canada but perhaps more consideration could be given to small-scale 
windpower. 
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and wind-mechanical plants should be given consideration 
but emphasis should be placed on small-scale plants as 


these will be accessible to the greatest number of people. 
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Comments 


Power produced is 
less than that re- 
quired by the 
field coil. 


Break~even point is 
at 1300 rpm. 


Output becomes re- 
tively constant. 


Maximum safe speed 


Figure 3 D.C. Generator Performance Data* 


*Testing of typical D.C. Generator carried out under the 
supervision of Mr. S. Churchill of the Northern Alberta Institute of 


Technology, Edmonton. 
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Comments 


Power produced is 
less than that re- 
quired by the 
field coil. 
Break-even point is 
at SOO rpm. 


Output becomes re- 
latively constant. 


Maximum safe speed 
of alternator is 
10,000 rpm. 


Figure 4 Alternator Performance Data* 


*Testing of typical Alternator carried out under the 
supervision of Mr. S. Churchill of the Northern Alberta Institute 


of Technology, Edmonton. 
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Figure 6* Effect of Number of Blades on Efficiency 
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blade tip speed 
wind velocity 


Paqure 7*  Erfect of Blade Tip Profile on Efficiency 


*Both Figures 6 and 7 taken from contributions by J. Juul 
to: "Wind and Solar Energy--Proceedings of the New Delhi Symposi- 


mt (27). 
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ORT Lack6 119) 2213" 1.203; 0.88 0266 0.4L 0.25 cm: 
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Figure 8* Propeller Blade Profile 
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| | | | a 
O 2 4 6 10 
Figure 9 Blade Profile Approximation Using Straight Lines 
The angle between the horizontal anda... .a is (ihe, the horizontal 
ad tbae ee. b is 725° )-c 2. « ) @ asehorizontal and dine-@ | 5 .)d as 
-11.3° to the horizontal. Thus a .. . a approximates the profile 
from ote 10, b . .» . befrom 4 to 6, ¢....c¢ from 2 to anda. 4.9. a 
ELOmsOStO 2. 


*From (27). 
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Figure 14 Head Components 
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1}Tower Section Symbol o d e : q 
Nominal Pipe Diameter ; 
(inches) SS £15;0) 2.00 P.50 3.00 
Inside Diameter, D., 0.0 b 
ee ot .035 s040 -053 D.063 p.078 
Outside Diameter, D , b.04 L 
feeren) fe) ; 2 0.048 -060 GOW SS} -089 

2|Thread Depth, H, D.001 
fmeeree) : @)- (O1@)AL OOH OOO =0-— 

3/Effective Outside Di- 

~ e040 0.046 .058 eM ovat .089 


ameter, Dee (metres) 


4}2nd Moment of Inertia, 


. 6 2 6 . 6 a 6 ; 6 
Te (metres') 0.054 °*10 90.079 *10°O.172+10°O.476+105). 28-10 


5|Radius of Gyration,r, 


(metres) 0.020 23 .029 0.036 .044 
6|Moment Arm, L, 

(metres) LP. 90 3.80 320 Fate) .00 
7|Maxi 

aximum Moment, M, 608 1216 182A eer oe 


(newton-metres) 


8)Maximum Stress, S, 


(newtons/cm.° ) 22,500 | 35,400 | 30,800 | 18,400 | 8,800 


1 as illustrated in Figure 18. 


2 Thread Depth, H, is measured at effective thread length as illus- 
strated in reference (21). 


3 Effective Outside Diameter, D_, equals the Outside Diameter, D , 
minus two times the Thread Depth, H, measured at the effective 
thread length 


: T 
4 for circular cross-section pipe, I = alle ~ D.*), Eom (2) 


5 Radius of Gyration, r, equals half the Effective Outside Dia- 
meter, Da: 


6 illustrated for each section in Figure 19. 


7 the Maximum Moment, M, is that which occurs in a 20 metre/second 
wind where M = T(L). 


8 Maximum Stress, S, equals (M*r)/I. 


Mesimum Allowable Stress = 60,000 psi or 21,500 N/om.*, from (21): 


Figure 17 Stress Analysis of Tower in Vertical Position 
During 20 metre/second Wind. 
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*Used in Figure 17 for tower stress analvsis. 
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Figure 19* Tower Dimensions 
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*Note that all connections are screwed and italics are 
used to indicate sections of particular interest. 
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Figure 20 Force Diagram for Vertical Tower 
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Figure 21 Force Diagram for Horizontal Tower 
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*] Tower Section 
Symbol 


Tower Component 
Description 


eight, W,Moment Arm 
(newtons) } (metres) 


ead assembly 


Hncluding alternator es 
propeller 8.0 96 
pper tower section 6.9 476 
instrument support 6.9 200 
rest Gaal 183 
section Dae 307 
section = Yo 323 
section 1.4 248 
tower section yes —theak 
ounterweight leg = IRE -367 

lea N-m 


Therefore, the center of gravity of the tower in the horizontal po- 


M 
nts i p 2299 
Seroj als Ake SS Se 


w 1029 +2.29 MECresS Or 2.23; metres from the. upper 


pivot towards the head. A counterweight mounted at the lower end of 


the tower as shown in Figures (23) and (24) would just balance the 


LO 292s eos 


tower about the upper pivot if it were to weigh ear ee = 


TS50UN- 


In order that the tower is to remain stable in the hori- 


zontal position, a counterweight, W, of only 1000 newtons will be 


used. 


Figure 22 Counterweight Specification by Moment Analysis 
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tower in vertical position 
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Figure 23 Counterweight Details for Tower in Vertical 
Position 
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ee ee lock fork 


Z—holes drilled for tower lock pin 


fork support flanges 
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Figure 25 Tower Support Details 
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Box is 
Grounded 


CONTROL 
BOX* 


STORAGE 
BATTERY 


fuse 


FIELD 
BATTERY 


Figure 26 Electrical System Schematic 


*See Figure 27 for Detail of Control Box. 
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Figure 27 Detail Schematic of Control Box 


(Note that switch 1 (SW)) is used to turn the plant on and off and 
switch 2 (SW2) is used to control the external load.) 
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SYMBOL IDENTIFICATION 
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11] 


SYMBOL IDENTIFICATION 


interference factor 

projected area of footing (cm. 72) 

Capital cost per unit power capacity ($/Kw) 
power coefficient 

windwheel diameter ‘metres) 

displacement of air (metres) 


Specific output or annual energy output per unit power 
Capacity (Kwh/Kw) 


kinetic energy (Kwh) 

density of air (Kg./metres?) 
soil compression force (newtons) 
cost of energy (S$/Kwh) 
moment of inertia (metres‘) 

maximum bending moment (newton-metres) 

mass (Kg.) 

rotational speed (rpm) 

power available (Kw) 

percentage applied in calculation of annual costs (%) 
power extracted (Kw) 

maximum extractable power (Kw) 

PLech rato 

windwheel radius (metres) 

radius of gyration (metres) 

air speed (metres/second) 

maximum stress (N/m?) 


soil compaction stress (N/cm*) 
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thrust force (newtons) 
time (hrs) 

air flow volume (metres?) 
pitch angle (°) 


torque (newton-metres) 
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(B) 


(C) 


(D) 


(E) 


(F) 
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i) 
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PLATES 


116 


; fh ; ' a ve 


117 


Plate I Carving the Propeller] 


Plate Il Detar. ch«Blade Pratiic 
(shown with windward 
side up) 
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Plate IV Using the Stroboscope 
to Determine Propeller 
Rotational Speed 
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Plate V Wire Stiffened Pro- Plate VI Detail of Stiffener 
peller Bracket 
(shown mounted for 
testing) 


Plate VII Detail of Wire Attach= 
ment to Blade Tip 
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Plate VIII Control Box Plate 1x) Control Box Mounted to 
Tower Fork 


Rlbatevsx ) Inside "che Control yeox 
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= 
Plate XI Head Assembly 
(Note bolt arrangement 
Used CoOvattach the: pro- 
peller.) 


Plate XII Alternator Mounting and Wiring 
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Plate XIII Counterweight 
(Shown mounted on counterweight arm 
with the tower vertical) 


Plate XIV Counterweight 
(Shown with tower horizontal) 
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Plate XV Prototype Propellers 


The propeller on the left, carved from White Pine, 
was the first one made and had serious vibration 
problems. The second propeller from the left, al- 
so carved from White Pine, was made thicker near 
its Dlade roots to increase stiffness but this did 
not solve the vibration problem. The third propel- 
ler, shown mounted on the alternator, was made from 
Eastern Birch which proved stiff enough to avoid 
vibration and this one was used for testing. 
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Plate XVI Run-of-the-Wind Meter 
(Stopwatch is shown to indicate that 
time intervals must be measured in or- 
der that average wind speed be known.) 


Plate XVII Launching the Prototype . 
(Note that the tower can be easily 


erected or lowered by one man.) 
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Plate XVIII Prototype in 
, oa 
Operation 


Plate XIX Top Section of 
Prototype 
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